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Chapter 1. Introdu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The inreasing worldwide demand of energy, reognized in the reent
years, has plaed onsiderable strain on onventional soures, suh as oal
and petroleum. This fat, ombined with onerns about environmental pol-
lution arising from high CO2 emissions, has led to a rapid development of
tehnologies based on alternative energy soures, e.g. hydrogen or natural gas.
However, their appliation on a large ommerial sale has been impended
by the absene of safe and eonomi tehniques for an on-board storage.
Hydrogen is onsidered widely as the best overall solution in the long run,
due to its pollutant-free ombustion, whih produes exlusively energy and
water. Moreover, it is the most abundant element in the universe, although
only less than 1 % is present as moleular hydrogen. In majority it is found
hemially bound in water and, moreover, some is bound in liquid or gaseous
hydroarbons. Hydrogen possesses a three times larger hemial energy per
mass unit than onventionally used liquid hydroarbons (142 MJmol−1 and
47 MJmol−1 for hydrogen and hydroarbons, respetively).1 These features
of hydrogen make it an exellent energy arrier.
There are major researh hallenges to overome before tehnologies based
on hydrogen as an energy soure an be implemented in order to substitute
onventional petroleum. Although rst attempts of vehiles powered by hy-
drogen fuel ells have appeared as early as 1959 (Allis-Chalmers Fuel Cell
Trator) and 1966 (GM Eletrovan), suh power generators were onsidered
for a long time to have no advantage over onventional ombustion engines.
However, during 1990s the interest in hydrogen fuel ells has grown dramati-
ally. Several ar ompanies began to seriously work on developing hydrogen-
based fuel ells for mobile appliations. At that time, the main motivation
for hydrogen-based tehnologies was the redution of CO2 emission. Today,
not only this target, but also a redued dependene on rude oil has beome a
motivation for the development of hydrogen power for mobile and stationary
appliations.
The prodution of hydrogen does not exhibit signiant problems, as
there are many eient methods to obtain this element. However, there
is a major problem for using hydrogen as a fuel based on the lak of its
eient storage methods. Also reylable (un)loading and reharging of the
host remain problemati. Therefore, signiant tehnial improvements of
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hydrogen storage methods are neessary. This is not only a tehnologial,
but also a major hallenge in materials siene.
Several methods are urrently under onsideration, among them three
prinipal options for on-board hydrogen storage an be mentioned. These,
aording to the 2007 status,2 are:
• Compression of gaseous hydrogen at 35−70 MPa and ambient temper-
ature;
• Liquefation at 20−30 K, 0.5−1 MPa;
• Solid state adsorption by dissoiative adsorption in metal hydrides1,3,4
or by assoiative adsorption in porous nanostrutures.57
Hybrid solutions of at least two of the above tehnologies are very attrative,
as well.
The presently available systems, high-pressure or liqueed-hydrogen tanks,
possess several disadvantages. Among them are low safety, large tank size,
and an inonvenient range of used pressures and temperatures. A possible
solution for this problem would be to store hydrogen in low-weight solids.
H2 an be stored in solids by two prinipal mehanisms: hemisorption of
hydrogen atoms (e.g. as hydrides1,8 or aminoboranes9) and physisorption of
hydrogen moleules in nanoporous, e.g. arbon-based, materials.1012
Physisorption exhibits several advantages over hemial adsorption of hy-
drogen, for example omplete reversibility and fast kinetis. In addition, a
very small amount of interation energy ( 10 kJ mol−1) is involved, both in
the H2 up- and unloading proess. Although hydrides, e.g. NaAlH4 or LiBH4,
are able to reah the 2010 goal of the US Department of Energy (DOE) for
hydrogen (6 wt% of stored H2 and 45 g l
−1 volumetri density),13 the high
temperature needed for desorption, the general stability of hydrides, and high
osts remain obstales.
In ontrast to most hydride storage media, materials physisorbing H2 of-
fer reversible (un)loading proesses without the need of intensive external
heating. As H2 is a neutral moleule with a small polarizability, the two
main ontributions to the physial adsorption energy are weak London (dis-
persion) interations and eletrostati interations with a dipole in the H2
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moleule indued by the polarity of the host system. The dispersion inter-
ation depends on the polarizability of H2 and the host material, and on the
distane between them.
Well-designed materials with a large surfae area, high polarizability, high
density of hydrogen per volume and per mass of the host are suggested to
have reasonable storage apaities. Other fators are expeted to aet the
physisorption of hydrogen moleules, e.g. the size and shape of pores, the
struture of a material or its surfae termination.
The lass of light and porous arbon materials may satisfy the above men-
tioned onditions for good storage media. They exhibit low mass densities,
extensive pore strutures and good hemial stabilities. A great variety of
strutural arbon forms is already well known in the literature, e.g. graphite,
diamond, ativated arbons, nanobres, single- and multi-walled nanotubes,
nanohorns, arbynes, fullerenes, et. The hydrogen storage apaities have
already been disussed for many of these materials on the basis of exper-
iment and theory. However, the largest interest is paid to graphiti (sp2)
arbon strutures (ativated arbon,5,14 graphene slit pores,6,15 arbon nano-
tubes,7,16,17 fullerenes18,19). The reported H2 uptakes of these materials were
disussed in the literature not without ontroversy, based on both, experi-
mental and theoretial results (e.g. Referene [20℄).
Graphite (with sp2 hybridization) is one of the four ordered arbon al-
lotropes, beside diamond (sp3), fullerenes (perturbed sp2), and arbynes
(sp1). It has a layered struture with an interlayer distane, d, of 3.354 Å, in
whih the planes are weakly bound via van der Waals fores. This distane
is, however, too small for the free penetration of hydrogen moleules with a
dynami diameter of approximately 4 Å.21 In addition, the spei surfae
area of bulked graphite is very low and therefore hydrogen uptake an not
be observed.22
The ability to trap H2 by slit-pore avities is strongly determined by the
pore size (e.g. interlayer distane between the graphite layers).12,22 It was
reently shown that the smaller pores (d = 6 − 8 Å) provide the highest a-
paity and large pores ontribute only marginally to the storage apaity.12
Small pores, moreover, exhibit a larger spei surfae area for a given pore
volume.23 At distanes smaller than 5 Å the interation of hydrogen with
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graphenes is repulsive and no H2 an penetrate freely in between the layers.
24
For a larger d (>20 Å), the apability of a pore to store H2 redues ontinu-
ously.12,15 Thus, a good storage material should have a pore size distribution
in the range of 5−10 Å.12,22,25
Inreasing the interlayer distane of graphite to desired ∼6 Å requires
∼75 meV per arbon.24 The penetration of H2 into a graphite material
is, thus, an endothermi proess that needs at least 320 meV per hydro-
gen moleule. Thus, the distane between the planes of graphite should be
enlarged, in order to inrease the storage apability.
Carbon nanotubes an be onsidered as rolled graphene sheets with a
well-dened urvature. From the geometri point of view, suh urved avi-
ties are favored for gas adsorption. The potential from opposite walls inside
the avity will overlap so that the attrative fores are inreased ompared
to those on a at graphene surfae.26 Due to the van der Waals fores these
tubes tend to form bundles in a hexagonal lose-paked lattie. Here, the
adsorption an our not only inside the avity but also on the outer surfae,
at the grooves and in hannels between neighboring tubes. There is, how-
ever, a wide disrepany in the experimental H2 uptake for arbon nanotubes.
The storage apaities vary in a range from around 0.1% [27℄ to 11% [28℄ by
weight, depending on the purity of the samples and the used range of tem-
peratures and pressures. In addition, various experimentally obtained high
storage apaities have not yet been reprodued, neither in other experiments
nor on the basis of theory.
So far, the highest reliable storage apaity was observed for superati-
vated arbon.29 This material is a arbon modiation that ontains very
small graphite rystallites and amorphous arbon. The pore diameter is usu-
ally less than 1 nm and the spei surfae area is up to 3000 m2g−1. Similarly
to nanotubes, there is a strong overlapping of the potential elds of the dif-
ferent pore wall sides. These properties make ativated arbon an exellent
andidate for hydrogen storage, but due to a wide pore-size distribution only
a fration of the pores is able to exhibit the favorable overlap.
The above mentioned nanomaterials an produe high paking densities
of hydrogen, but these are still not high enough to satisfy the target of
DOE. Its 2010 goal has not yet been reahed with any of the investigated
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materials for moderate pressures and ambient temperature.30,31 Moreover,
the systemati engineering and identiation of spei adsorption sites in
arbon nanostrutures is diult. Beside graphite, diamond and solid C60,
arbon allotropes do not have well dened periodi strutures.
Eient H2 storage ould also be improved by other purposes. The well-
dened rystal struture, with easily ontrolled pore sizes might be a perfet
solution. Also the introdution of attrative eletrostati interations, e.g. a
strong surfae polarization, an improve the storage apability of a material.
The adsorbed H2 moleules an, therefore, be polarized inreasing the guest-
host interation.
One of the most interesting materials with these properties are metal-
organi frameworks32,33 (MOFs), a family of nanoporous materials that are
assembled by the onnetion of metal oxide enters (so-alled inorgani on-
netors) through moleular bridges (so-alled organi linkers). They were
synthesized for the rst time by Yaghi et al.34 in 1999. By varying the
size of the organi bridges the dened void regions an be ontrolled. As
it is possible to tailor their hemial omposition and pore-size distribution,
many potential appliations have been proposed for MOFs, among them H2
storage.3537
A wide range of porous MOFs has been synthesized35,3840 so far. They
differ from porous arbon strutures by their systemati design strategies
based on self-assembling.41 Dierent organi linkers an be used to narrow
the hannels onneting the nanopores. This makes the hydrogen desorption
more diult and better materials an be optimized for pratial storage at
ambient onditions. Catenation of networks also narrows the hannels and
produes smaller pores. This eet inreases the number of orners and edges
and, by extend, the number of adsorption sites.42,43 Two types of atenation
an take plae, interweaving (minimal displaement between networks) and
interpenetration (maximal displaement). The researh of the gas storage in
MOFs is still in an early phase, as these ompounds are fairly new.
The present work is foused on the urrently ative researh area of searh-
ing for porous materials, whih are suitable to store hydrogen by gas adsorp-
tion tehniques. The key fator is to design light-weight storage systems
with a large spei surfae area, a ontrolled pore-size distribution, and a
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strong surfae polarization. Among the studied systems, the attention is paid
to graphite-based nanostrutures with enlarged interlayer distane. Thus,
in the present work more advaned materials (Chapter 3), C60 interalated
graphite,44 honeyomb graphite,45,46 and defeted graphite,47 are proposed.
Moreover, metal-organi frameworks (Chapter 4) are studied in order to in-
vestigate the inuene of organi linkers on the properties of these materials.
The nature of the interations between H2 and MOFs is also of great interest
and, therefore, was set as one of the goals of this thesis. The interation of
H2 with arbon materials has been already well understood.
4851
This work is organized as follows: In Chapter 3.1 arbon foams are dis-
ussed as slit-pore materials with funtionalized graphene sheets. This hap-
ter also shows properties of defeted graphite, in whih the interlayer distane
was enlarged by disloations. The example of graphite strutures interalated
by spaer moleules is disussed in Chapter 3.2. The role of organi bridges
and the properties of metal-organi frameworks are presented in Chapters 4.1
and 4.2. Chapter 4.3 is foused on interations between moleular hydrogen
and MOFs. Finally, the main onlusions and an outlook are given in Chap-
ter 5.
Chapter 2Methodology
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In this hapter the fundamentals of quantum-mehanial alulations em-
ployed in present work will be disussed. In Setion 2.1 the basi approahes
of quantum hemistry and the priniple approximations are explained. The
omputational methods and main theories used in the present work, seond
order Møller-Plesset (MP2) perturbation theory, Density Funtional Theory
(DFT) and Density Funtional based Tight-Binding (DFTB), are presented
in Setions 2.2, 2.3 and 2.4, respetively.
2.1 Theoretial Bakground
2.1.1 The Shrödinger Equation
In theoretial hemistry investigations are employed to predit and/or to
explain experimental results by desribing the eletroni struture of systems
that ontain nulei and eletrons. The goal is to solve the Shrödinger equa-
tion for a large number of atoms aurately and eiently. The Shrödinger
equation written as:
ĤΨ = EΨ (2.1)
is time-independent and non-relativisti. Here, Ĥ is the Hamilton operator,
Ψ is the total wavefuntion of the system and E is the energy. The om-
plete Hamiltonian of a many body system with M nulei and N eletrons
inludes nulear (Tn) and eletroni (Te) kineti energy operators, and the
potential energies of the eletrostati interations between harged partiles,
Ve−e, Vn−n, and Ve−n:
Ĥ = Tn + Te + Ve−e + Vn−n + Ve−n
= −1
2
M
∑
α=1
∇2α −
1
2
N
∑
µ=1
∇2µ
+
N
∑
µ=1
N
∑
ν,µ 6=ν
1
rµν
+
M
∑
α=1
M
∑
β,α 6=β
ZαZβ
Rαβ
−
N
∑
µ=1
M
∑
α=1
Zα
rµα
,
(2.2)
where Zα and Zβ are the harges of the nulei, rµν = |~rµ − ~rν |, Rαβ =
|~Rα − ~Rβ|, and rµα = |~rµ − ~Rα| with r-eletroni and R-nulear spatial o-
ordinates. Unfortunately, the Shrödinger equation is analytially solvable
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only for very simple ases, e.g. a hydrogen atom or one-eletron positive
ions. Nevertheless, there is a way to systematially approah the wave fun-
tion of the ground state, the state that delivers the lowest energy. This is the
so-alled variational priniple, whih is the foundation for nearly all the ap-
proximate methods in quantum hemistry. Aording to this priniple for a
quantum moleular system an approximate wavefuntion, when substituted
into the Shrödinger equation, will always yield a higher energy than the
atual ground state energy E0 of the system.
〈Ψtrial|Ĥ|Ψtrial〉 = Etrial ≥ E0 = 〈Ψ0|Ĥ|Ψ0〉, (2.3)
where the equality holds if and only if Ψtrial is idential to Ψ0. The vari-
ational priniple allows to approximate the wavefuntion, Ψ. It also shows
how to evaluate the quality of a given approximate Ψ and how an it be im-
proved. The alulated energy will be loser to the true energy if the hosen
wavefuntion is more preise.
2.1.2 Born-Oppenheimer Approximation
The aim of quantum mehanial alulations is to solve the Shrödinger
equation for strutures with many eletrons and nulei. In order to treat the
many-body problem eiently a number of approximations must be onsid-
ered.
Quantum hemial methods are mainly based on the so-alled Born-
Oppenheimer approximation, whih assumes that the nulear and the ele-
tron motion an be separated entirely. The wavefuntion Ψ(~r, ~R) = Ψe(~r) ·
Ψn(~R). As the masses of the nulei are muh larger (about three orders of
magnitude) than those of the eletrons, the eletrons move muh faster than
the nulei. Thus, the nulei an be onsidered as stationary and the eletrons
are, therefore, moving in a potential of xed nulear sites. This assumption,
introdued by Born and Oppenheimer,52 leads to a zero kineti energy of the
nulei (Tn) and the onstant potential energy due to the nuleus-nuleus re-
pulsion (Vn−n). Therefore, the Hamiltonian is redued to its pure eletroni
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omponent only:
Ĥe = Te + Ve−e + Ve−n
= −1
2
N
∑
µ=1
∇2µ +
N
∑
µ=1
N
∑
ν,µ 6=ν
1
rµν
−
N
∑
µ=1
M
∑
α=1
Zα
rµα
(2.4)
and the eletroni Shrödinger equation an be written as:
ĤeΨe(~r) = EeΨe(~r). (2.5)
Ψe(~r) depends diretly on the eletroni oordinates and parametrially on
the nulear oordinates. Thus,
[Te + Ve−e + Ve−n]Ψe(~r) = EeΨe(~r) (2.6)
for onstant (~R). This wave funtion will hange when the nulei are moved.
The total energy is obtained from Ee by adding the eletrostati energy due
to the interation between nulei.
2.1.3 Hartree-Fok Method
Hartree-Fok (HF) is one of the simplest ab initio ('from the beginning'
in Latin) methods. It is a variational method and the alulated energies are
greater than the exat energy.
HF uses the wavefuntion as the fundamental variable. The N -eletron
wavefuntion is represented as a Slater determinant, ΦSD, as an anti-sym-
metrized produt of single-partile wavefuntions.
ΦSD =
1√
N !
det|φ1( ~x1)φ2( ~x2) . . . φN( ~xN)|. (2.7)
This determinant ensures the obediene of the Pauli priniple. The eletrons
with the same spin are kept away from eah other. This denes the exhange
priniple.
One of the advantages of the HF method is that it breaks the many-
eletron Shrödinger equation into many simpler one-eletron equations. Eah
of those is solved to yield a single-eletron wave funtion (φµ; a spin orbital)
and an energy. The orbital desribes the behavior of an eletron in the net
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eld of all the other eletrons. The Hartree-Fok equation an be written as
follows:
F̂µφµ = εµφµ, µ = 1, 2, 3, . . . , N, (2.8)
where εµ are the eigenvalues (orbital energies) of the Fok eetive one-
eletron operator F̂µ. This is a traditional so-alled eigenvalue problem. The
Fok operator has a following form:
F̂µ = −
1
2
∇2µ −
∑
α
Zα
rµα
+ V̂HF. (2.9)
The rst term is the kineti energy, the seond stands for the potential energy
due to the eletron-nuleus attration, and V̂HF is the Hartree-Fok potential:
V̂HF =
∑
µ
(Ĵµ − K̂µ), (2.10)
where Ĵµ and K̂µ are the so-alled Coulomb and exhange operators respe-
tively:
Ĵµφk(~x1) =
∫ |φµ(~x2)|2
|~r2 − ~r1|
d ~x2φk(~x1), (2.11)
K̂µφk(~x1) =
∫
φ∗µ(~x2)P̂12[φµ(~x2)φk(~x1)]
|~r2 − ~r1|
d ~x2. (2.12)
P̂12 is the permutation operator. The repulsion between eletrons is replaed
by the interation of eah eletron with the averaged eletrostati eld of
other eletrons and nulei. Thus, the two-eletron repulsion operator
1
rµν
in
the Hamiltonian is replaed by the operator V̂HF. Equation 2.8 is one for
single partiles and not for all N partiles. The Fok operator is ompliated
in the sens that it depends on the solutions of the Ĵµ and K̂µ operators,
whih themselves depend on the orbital φµ.
In HF the probability of nding an eletron at some loation around an
atom depends on the distane from the nuleus. It does not, however, depend
on the distane to the other eletrons (the overestimation of the eletron
repulsion). In this way the eletron orrelation is negleted. This is not
physially true and omes from the mean eld treatment of eletron-eletron
interations. Thus, HF fails to desribe e.g. London dispersion interations,
Chapter 2. Methodology 15
however, it aounts orretly for the eletrostati interations and the Pauli
repulsion.
Correlation eets (the differenes between the single- and many-determi-
nant wavefuntion) are very important, as they improve the auray of om-
puted energies and moleular geometries. There are several types of alu-
lations that require the orrelation eets, e.g. transition metals or weakly
interating systems. Many methods begin the alulations using the HF
method and then orret for the orrelation, e.g. Møller-Plesset perturba-
tion theory (MPn, n-order of orretion), onguration interation (CI), or
oupled luster theory (CC).
2.1.4 Pseudopotentials
Eletrons in a system an be divided into ore and valene eletrons. Un-
like the hemially mostly inert ore eletrons, the valene ones form hemial
bonds and govern the properties of the material. Thus, the ore eletrons an
be ombined with the potential of the nulei to form a so-alled pseudopoten-
tial. The pseudopotentials reprodue the exat all-eletron wavefuntion at a
distane from the nuleus that is greater than a ut-o radius. This is hosen
to be around halfway between the most outer node and most outer extremum
of the wavefuntion. The pseudopotential replaes the ore wavefuntion by
a smooth nodeless funtion whih is easy to represent numerially. Thus, the
pseudo-wavefuntions are equal to the true wavefuntions outside of the ore
region. The larger the hosen radius, the faster a alulation is, but a lower
auray is reahed. Reduing the radius results in a better auray of the
potential.
Readers with a deeper interest in quantum hemistry are referred to Ref-
erenes [5355℄ for more details.
2.2 Møller-Plesset Perturbation Theory
Hartree-Fok method often provides a good desription of a system. How-
ever, in some ase orrelation eets, that are negleted in HF, play an impor-
tant role. The orrelation eets an be onsidered as a small perturbation
16 2.2. Møller-Plesset Perturbation Theory
and treated using the perturbation theory, e.g. Møller-Plesset (MP) pertur-
bation theory.56 MP theory of n-th order (MPn) uses the HF wavefuntion
as the unperturbed wavefuntion.
The eetive one-eletron Fok operator F̂ is given in Equation 2.8. The
unperturbed Hamiltonian is hosen as a sum of those operators:
Ĥ0 =
N
∑
µ=1
F̂ (µ). (2.13)
The zero-th order eigenfuntion for the ground state is the HF solution given
as the Slater determinant:
ΨHF = Ψ
(0)
0 =
1√
N !
det|φ1( ~x1)φ2( ~x2) . . . φN( ~xN)|. (2.14)
ΨHF ontains the N eletrons in the spin-orbitals of the lowest energy and it
is an eigenfuntion of Ĥ0:
Ĥ0ΨHF =
N
∑
µ=1
F̂ (µ)ΨHF =
N
∑
µ=1
εµΨHF (2.15)
Equivalently:
E
(0)
0 =< Ψ
(0)
0 |Ĥ0|Ψ
(0)
0 >=< ΨHF|
N
∑
µ=1
F̂ (µ)|ΨHF >=
N
∑
µ=1
εµ. (2.16)
All the other eigenfuntions of Ĥ0 an be formed by permuting the N ele-
trons among the M spin-orbitals. Thus, all the possible exited-state deter-
minants are formed. The Slater determinant for a singly-exited state, Ψai ,
is the eigenfuntion of Ĥ0 with eigenvalue
∑
εµ−εi +εa. For doubly-exited
state, Ψabij , this determinant will be an eigenfuntion of Ĥ
0 with eigenvalue
∑
εµ − εi − εj + εa + εb, et.
In order to apply perturbation theory the eletroni Hamilton operator
takes a form:
Ĥ = Ĥ0 + ∆Ĥ, (2.17)
where Ĥ0 is an unperturbed Hamiltonian and ∆Ĥ is a perturbation. Thus
∆Ĥ = Ĥ +
N
∑
µ=1
εµ. (2.18)
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The zero-th order wavefuntion is the HF wavefuntion, Ψ
(0)
0 = ΨHF and
the zero-th order energy is given as:
E
(0)
0 =
N
∑
µ=1
εµ (2.19)
for the oupied spin orbitals.
The rst-order perturbation to the ground state energy is:
E
(1)
0 = 〈Ψ
(0)
0 |∆Ĥ|Ψ
(0)
0 〉
= 〈Ψ(0)0 |Ĥ −
N
∑
µ=1
F̂ (µ)|Ψ(0)0 〉
= 〈Ψ(0)0 |Ĥ|Ψ
(0)
0 〉 − 〈Ψ
(0)
0 |
N
∑
µ=1
F̂ (µ)|Ψ(0)0 〉
(2.20)
with Ψ
(0)
0 = ΨHF. The rst-order orreted ground state energy is then given
as:
E0 = E
(0)
0 + E
(1)
0
= 〈ΨHF|
N
∑
µ=1
F̂ (µ)|ΨHF〉 + 〈ΨHF|Ĥ|ΨHF〉 − 〈ΨHF|
N
∑
µ=1
F̂ (µ)|ΨHF〉
= 〈ΨHF|Ĥ|ΨHF〉 = EHF.
(2.21)
Thus, the HF energy is the energy for the ground state orreted through a
rst-order in the MP expansion series.
To improve the HF energy the seond-order orretion must be evaluated
(MP2). The seond-order orretion to the ground state depends on the rst-
order orretion to the wavefuntion. This depends on the matrix elements
of the perturbation between the unperturbed ground state and exited states
(m) of Ĥ0. The matrix elements 〈ΨHF|∆Ĥ|Ψ(0)m 〉 are identially zero, when
Ψ
(0)
m is a singly exited onguration. The triple and higher exitations give
also zero matrix elements with Ψ
(0)
HF. The only ontributions appear when
Ψ
(0)
m is a doubly exited onguration relative to Ψ
(0)
HF, and thus it an be
written:
E
(2)
0 =
N
∑
i,j
Nv
∑
a,b
| < ΨHF|∆Ĥ|Ψ(ab)ij > |2
εi + εj − εa − εb
, (2.22)
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where
E
(ab)
ij = E
(0)
0 − εi − εj + εa + εb (2.23)
i, j denote the oupied and a, b the unoupied moleular orbitals, the εx
are the orresponding energies, and E
(ab)
ij is the energy of the doubly exited
determinant Ψ
(ab)
ij .
The MP2 alulations inlude the alulation of the HF energy and the
evaluation of the sum for the seond-order energy orretion by using the HF
moleular orbitals and orbital energies. The third- (MP3) and fourth-order
(MP4) alulations are also ommon, however, are more expensive and time
onsuming. Møller-Plesset alulations are not variational but they are size
extensive.
2.3 Density Funtional Theory
Density Funtional Theory (DFT)53,54,57 determines the energy of a sys-
tem by using the eletron density instead of the many-eletron wavefuntion.
The origin of DFT omes from the theorems of Hohenberg and Kohn:58 The
rst theorem says that it is possible to alulate the energy of a system in
its ground-state using only the eletron density ρ(~r):
ρ(~r) = N
∫
Ψ∗0(~r, ~r2, . . . , ~rN) Ψ0(~r, ~r2, . . . , ~rN) d~r2 . . . d ~rN . (2.24)
Espeially the ground-state energy is solely determined by ρ(~r):
E = E[ρ(~r)]. (2.25)
The total number of eletrons (N) is also dened by ρ(~r):
N =
∫
ρ(~r) d~r. (2.26)
No exat funtional has been derived yet for most properties, although some
good approximations exist. The seond Hohenberg-Kohn theorem says that
one the funtional with the total eletroni energy is known, one an alu-
late it approximately by inserting approximate densities ρ′(~r). Similarly to
Chapter 2. Methodology 19
the variational priniple for the wavefuntion, one an improve the alula-
tion by minimizing Eρ′(~r):
E[ρ′(~r)] ≥ E[ρ(~r)]. (2.27)
The pratial sheme for alulating the ground-state properties from
eletron density was provided by Kohn and Sham in 1965.59 They have pro-
posed a set of self-onsistent equations, so-alled Kohn-Sham (KS) equations,
in order to solve the many-body problem:
[
−1
2
∇2 + Vext(~r) +
∫
ρ(~r′)
|~r − ~r′|
d~r + Vxc(~r)
]
φµ(~r) = εµφµ(~r), (2.28)
ρ(~r) =
N
∑
µ=1
|φµ(~r)|2, (2.29)
Vxc(~r) =
δExc[ρ(~r)]
δρ(~r)
. (2.30)
The KS equations are single-partile equations similar to the HF method.
The rst term in Equation 2.28 stands for the kineti energy, the seond
(Vext) is the eletron-nuleus attration, and the third is the so-alled Hartree
potential, VH. Vxc is the exhange-orrelation potential. In this approah the
eletron-eletron interation is formulated in a mean eld approah. The
three potentials, Vext, VH and Vxc, are summarized to the eetive potential
Veff . Now, the ground-state energy of the eletroni system an be written
as:
Ee[ρ(~r, s)] =
N
∑
µ
εµ −
1
2
∫∫
ρ(~r)ρ(~r′)
|~r − ~r′|
d~rd~r′ + Exc −
∫
ρ(~r) Vxc[ρ(~r, s)] d~r.
(2.31)
The KS equations an be solved only iteratively and self-onsistently. At
rst, the eletron density is guessed. The obtained potential is then used to
determine the new ρ(~r), whih again is inserted into the KS equations, et.
In order to give an expression for the exhange-orrelation potential further
approximations are needed. The well-known approximations are the Loal
Density Approximation (LDA)60,61 and the Generalized Gradient Approxi-
mation (GGA).62
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In the LDA Exc is alulated using the expressions for the exhange-
orrelation energy of an homogeneous eletron gas with the same ρ(~r):
ELDAxc [ρ(~r)] =
∫
ρ(~r)
[
εhomx [ρ(~r)] + ε
hom
c [ρ(~r)]
]
d~r, (2.32)
where εhomx and ε
hom
c are the exhange and the orrelation energies per ele-
tron of an homogeneous eletron gas of density ρ(~r).
In ase of more or less homogeneous densities LDA will give high-auray
results. However, in many real systems the eletron density is not uniform
and varies spatially. Usually, the LDA overestimates the binding energies
and underestimates the band-gap energies.
A better aount for the non-uniform eletron density in real systems an
be ahieved within the GGA. The exhange orrelation energy in the GGA
inludes terms that depend not only on the eletron density but also on its
spatial derivatives.
EGGAxc [ρ(~r)] =
∫
ρ(~r) εhomx [ρ(~r)] Fxc[ρ(~r), |∇ρ(~r)|, . . .] d~r, (2.33)
where Fxc is dimensionless and ∇ρ(~r) is the gradient of the eletron density.
The GGA gives more preise binding and atomization energies.
It must be kept in mind, that DFT is a ground-state theory and may fail
in exited state desription. It should also be noted that the LDA and GGA
approahes fail in desribing the long-range interations.
2.3.1 Basis Sets
The HF approah approximates the N -eletron wavefuntion (Ψe) with
a single Slater determinant (ΦSD) of N single-eletron orbitals (φµ). The HF
equation should be solved in order to determine φµ and the single-partile
energies εµ. In order to alulate any realisti system, Roothaan (1951)
suggested the expansion of orbitals into a set of pre-dened basis funtions,
χk:
φµ(~x) =
Nb
∑
k=1
χk(~x)ckµ, (2.34)
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where the ckµ are the expansion oeients, φµ is the µ-th moleular orbital,
χk is the k-th basis funtion, and Nb is the number of the basis funtions.
Historially atomi orbitals were used as basis funtions. Atomi orbitals
(AOs) are solutions of the HF equations for the atom, i.e. a wave funtions
for a single eletron in the atom. To represent χk one an hoose:
χ(~r) = Rlm(r)Ylm(Θ, Φ), (2.35)
assuming that χ belongs to an atom plaed at the origin. Ylm is a spherial
harmoni funtion, Rlm is the radial part, and r, φ and Θ are the spherial
oordinates with respet to the position of an atom.
The ommonly used basis set funtions are Slater or Gaussian type or-
bitals and plane waves. Slater-type orbitals (STOs) have exponential radial
parts in the form e(−ζr):
χ(~r) = Nrn−1e(−ζr)Ylm(Θ, Φ), (2.36)
where N is the normalization onstant and ζ is the orbital exponent. The
largest problem of using STOs is that it is ompliated to alulate the matrix
elements entering the Fok matrix. The standard solution to this problem
is to represent the STOs with Gaussian-type orbitals (GTOs), also alled
Gaussians. These have the form e(−αr
2) and they are loated (plaed) at the
nulei and sometimes also at bond enters:
χ(~r) = Nxnymzoe(−αr
2), (2.37)
where α is the orbital exponent, m,n, o are integers and x, y, z are Cartesian
oordinates. When m + n + o = 0, then χ(~r) is said to be a s-type Gaussian
funtion; when m+n+o = 1, then χ(~r) is a p-type Gaussian; and when m+
n+o = 2, then χ(~r) is a d -type Gaussian. The advantage of using this type of
funtions is that the the matrix elements an be alulated rather eiently.
A single Gaussian funtion poorly desribes atomi orbitals. To irumvent
this problem one an use a larger number of Gaussians, in partiular those
with large α (short-ranged). In this way a more aurate desription an be
reahed. More aurate results an also be obtained when the basis set is
augmented with so-alled polarization funtions, as d funtions on arbon
atom or p funtions on hydrogen atom.
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A ompletely different approah is used with plane waves. They have the
general form ei
~k·~r, where ~r is the position vetor and ~k is the propagation
vetor. They an not be asribed to individual atoms and so are independent
of the atom positions. The basis set quality an be systematially improved
by inluding additional plane waves until onvergeny of the energy. How-
ever, they require the use of periodi boundary onditions. The advantage of
Gaussian orbitals over plane waves is that a smaller number of basis funtions
is required.
2.4 Density Funtional based Tight-Binding
The Density Funtional based Tight-Binding (DFTB)6367 method is based
on an LCAO ansatz for the Kohn-Sham wavefuntion. In this approxima-
tion, the KS orbitals Ψi(~r) of a system are expanded in terms of atomi-like
basis funtions, φµ, entered at atomi sites, ~Rα:
Ψi(~r) =
N
∑
µ=1
Ciµ φµ(~r − ~Rα), (2.38)
solving the KS equation in an eetive one-partile potential (Veff(~r)):
ĤΨi(~r) = εiΨi(~r) (2.39)
where
Ĥ = −1
2
∇2 + Veff(~r). (2.40)
The atomi orbitals φµ are obtained by e.g. self-onsistent LDA alulations
of the neutral atom. Within the LCAO ansatz the KS equations are trans-
formed in to a seular problem:
N
∑
µ=1
Ciµ(Hµν − εiSµν) = 0; ∀ i, µ. (2.41)
where the matrix elements of the Hamiltonian Hµν and the overlap matrix
elements Sµν are dened as follows:
Hµν ≡ 〈φµ|Ĥ|φν〉 Sµν ≡ 〈φµ|φν〉. (2.42)
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The eetive KS potential Veff(~r) is approximated as a superposition of po-
tentials of the ompressed pseudo-atoms Vα( ~rα):
63
Veff(~r) =
∑
α
Vα( ~rα) ~rα = |~r − ~Rα|. (2.43)
Equation 2.43 an be further approximated by negleting the three-enter
ontributions and all rystal-eld terms. Vα( ~rα) are determined from the
self-onsistent alulations of ompressed pseudo-atoms. The ompression of
an atom is ahieved by introdution of an additional potential in the form
(r/r0)
n [68℄ in the atomi self-onsistent alulations. Thus, the funtions in
the bonding regions stay unhanged, but the long-range tails of the valene
eletron basis funtions deay more rapidly.
This approximation for the potentials is onsistent with an approximation
in the matrix elements of the Hamiltonian, whih states:
Hµν =





εfree atomµ if µ = ν
〈φαµ | − 12∇2 + Vα + Vβ| φβν 〉 if µ ∈ {α}, ν ∈ {β}, α 6= β
0 otherwise
(2.44)
α and β indiate the atom on whih the wave funtions and the potentials are
entered. Only the two-enter Hamiltonian matrix elements are onsidered,
but all two-enter terms (Hµν , Sµν) are alulated exatly. Due to the fat
that all matrix elements depend only on interatomi distanes, they an be
alulated only one for eah pair of atom types and stored.
The total energy using the KS eigenvalues an be written as:
Etot[ρ(~r)] =
occ
∑
i
εi −
1
2
[
∫
Veffρ(~r) d
3~r +
∫
Ve−nρ(~r) d
3~r
]
+ EXC −
1
2
∫
VXCρ(~r) d
3~r + Vn−n.
(2.45)
When the density and the potential are written as a superposition of atomi-
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like ontributions, the total energy takes the following form:
Etot[ρ(~r)] =
occ
∑
i
εi −
1
2
∑
α
∑
β
∫
Vαρβ(~r) d
3~r − 1
2
∑
α
∑
β
∫
Zαρβ(~r)
rα
d3~r
+
1
2
∑
α
∑
β,α≥β
∫
VXC[ρα(~r), ρβ(~r)] d
3~r +
1
2
∑
α
∑
β,α 6=β
ZαZβ
Rαβ
(2.46)
with Rαβ = | ~Rα− ~Rβ|. Applying further approximation, all terms exept the
sum of the eigenvalues an be written as a repulsive potential Vrep:
∑
α 6=β
Vrep(Rαβ) = −
1
2
∑
αβ
∫
Vα(~r)ρβ(~r) d
3~r − 1
2
∑
αβ
Zα
∫
ρβ(~r)
rα
d3~r
+
1
2
∑
α≥β
∫
ṼXC[ρα(~r), ρβ(~r)] d
3~r +
1
2
∑
α 6=β
ZαZβ
Rαβ
,
(2.47)
what leads to the simple expression for Etot:
Etot[ρ(~r)] =
occ
∑
i
εi +
∑
α>β
Vrep(Rαβ). (2.48)
Vrep is a short-range repulsive potential, derived from referene LDA or GGA
alulations of proper moleular and rystalline systems for a range of typial
bond lengths.
These approximations in DFTB method give good results for polar and
ovalently bound systems. For heteroatomi systems, where elements have
similar eletronegativities, the partial harge redistribution have to be on-
sidered. Elstner et al.69 have developed a self-onsistent harge (SCC) or-
retion for DFTB in order to allow a more aurate desription of suh het-
eroatomi systems.
In SCC-DFTB the total energy is written in terms of a seond-order
Coulomb orretion:
Etot =
occ
∑
i
εi +
1
2
∑
α,β
∆qα∆qβγαβ(Rαβ) + Vrep(α, β,Rαβ), (2.49)
where qα denotes the harge entered at the atom α (Mulliken
70):
∆qα = qα + Zα =
∑
µ∈α
∑
ν
CµiCνiSµν + Zα. (2.50)
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In Equation 2.49, γαβ is related to the Hubbard parameter (Uα ≈ γαα), whih
an be alulated from DFT as follows:
Uα =
δεHOMO
δnHOMO
. (2.51)
Thus, the seond-order Coulomb orretion to the KS matrix element gives:
Hµν = H
(0)
µν +
1
2
Sµν
∑
γ
∆qγ(γαγ(Rαγ) + γβγ(Rβγ)). (2.52)
H
(0)
µν is used from the stored list for eah pair of atom types. Other terms are
alulated self-onsistently with harge-derived orretions. This gives more
aurate results, however the omputational time is onsiderably inreased.
In onlusion, the DFTB method is less expensive and time onsuming
than the DFT, and therefore was used in present work to alulate the prop-
erties of arbon materials and metal-organi frameworks (Chapter 3 and Se-
tions 4.1 and 4.2). In order to orretly desribe weak interations (London
dispersion) between moleular hydrogen and building bloks of metal-organi
frameworks (Setions 4.3) the MP2 method was employed, whereas the HF
alulations were performed to evaluate the eletrostati interations. The
DFT alulations also were performed for omparison.
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Carbon forms several stable allotropes. At ambient onditions of pressure
and temperature, the most stable rystalline arbon allotrope is hexagonal
graphite, that onsists of graphene layers with sp2 hybridized arbon atoms.
Diamond (sp3 arbon atoms), the seond stable allotrope of arbon, is at the
same onditions nearly as stable as graphite.
The disovery of fullerenes71 and nanotubes72 opened a fast developing
researh eld on new arbon forms and their properties. Among the arbon
strutures graphenes,73 onions,74,75 diamondoids,76,77 peapods,78 srolls,79
et. have been found and many others were proposed. Parallel to experi-
ments, this subjet has attrated theoretial sientists.77,8084 In partiular,
a great interest has been paid to graphite-based materials. Carbon nano-
strutures with enlarged distanes between the graphene layers have been
suggested for possible appliations in gas-storage tehnologies. However, it
remains to be disussed how graphene layers with well-dened interlayer dis-
tanes (d) and high stability an be produed.
Several possibilities, indeed, have been proposed in literature: They in-
lude funtionalization of the graphene sheets, e.g. by uorination,85,86 by
doping with lithium-omplexes87 or by oxidation with aid agents. This re-
sults in randomly spread out hydroxy and epoxy groups, whih expand the
interlayer distane.88,89 The interlayer spaing of suh funtionalized graphite
an range between 4.7 Å and 9 Å, and depends on the preparation and the
temperature. As funtionalization transforms sp2 into sp3 arbon atoms, it
allows ovalent interlayer bonds and imposes loss of planarity.90 Suh stru-
tures ontain both sp2 and sp3 hybridization of arbon atoms but require
introdution of heavier atoms (O, F, Li, et.).
Funtionalization of graphene layers is possible also in pure arbon ma-
terials. For example, in arbon foams some of the sp2 arbon atoms are
transformed into sp3 arbon atoms, whih allows diamond-like fragments to
appear. Disloations in graphite47,91 may inrease the d -spaing as well. In
this ase the graphene planarity is lost and the strutures onsist either of
purely sp2 or sp2 and sp3 hybridized atoms.
An alternative possibility to inrease the interlayer distane, while leaving
the graphene sheets intat, is the interalation with spaer moleules. The
interalation is a destabilizing proess, in whih the interlayer van der Waals
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ontats are broken. Thermodynamially it is partially ompensated by for-
mation of the spaer-layer interations. The interalation of spaers into
graphite is, however, possible, as it was reported in a reent experimental
synthesis and haraterization of C60 fullerenes interalated graphite.
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In this hapter, the disussion will be foused on properties of graphite-
based materials, whose interlayer distanes were signiantly enlarged. In
Chapter 3.1 arbon foams and defeted graphite are disussed. Furthermore,
the struture of C60-interalated graphite is investigated in Chapter 3.2.
3.1 Carbon Foams
In addition to pure sp2 or sp3 rystals, several experimental and theoreti-
al works fous on the properties of new possible arbon forms, namely those
with o-existing sp2 and sp3 hybridization.45,90,9396 Among them diamond-
graphite hybrids, vaanies in graphite or arbon foams are of great interest.
The investigations inlude, e.g. the pressure-temperature phase transition of
graphite into a ubi diamond struture.97 It was shown that some of the new
arbon forms, e.g. a super-hard arbon phase produed from C60 fullerenes
whih ontains both types of hybridization, appeared to have hardnesses
higher than that of the (100) and (111) diamond faes.98100
In this setion, single-wall arbon foams46 are disussed [see Figure 3.1℄.
Due to the pattern of open edges, two types of suh strutures an be built, so-
alled armhair and zig-zag foams, in analogy to the nomenlature of arbon
nanotubes. The pore size is dened by a pair of integer numbers (N ,M),
whih indiate the number of hexagonal units between the juntions. The
juntions onsist of the sp3 boundary-atom hains [f. Figure 3.2℄. The two
numbers are neessary to distinguish between the possible symmetri arbon
foams of size N = M and asymmetri ones with N 6= M . This nomenlature
will be use in the following. As these materials are highly porous, they were
investigated in terms of possible appliations in hydrogen storage.
In 1987, Vanvehten et al.101 showed that dense paking of C11 lusters
onsisting of three ve-fold rings in a ondensed phase an result in a foam-
like system. The struture of arbon foams was, however, proposed only later
by Karfunkel et al.45 and Balaban et al.93 Reently, experimental95,96,102 and
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Figure 3.1: Exemplary arbon foam strutures; (a)-(): (5,1), (1,5), (1,1)
zig-zag arbon foams, respetively; (d)-(f): (3,3), (3,2), (5,5) armhair ar-
bon foams, respetively (see text for the nomenlature).
theoretial94,103,104 investigations have shown that arbon-foam-like materi-
als an be formed by rather simple syntheses. For example, the mesophase
pith preursor is molten at high temperatures resulting in so-alled graphiti
foams. Although these systems are no single-wall arbon foams, as they are
disussed in this work, it is possible to ahieve similar strutures experimen-
tally.
Single-wall arbon foams might be, however, formed by hierarhial self-
assembly proesses from layered graphite21 or by a old ompression of arbon
nanotubes.102 The experiment of Wang et al.,102 where a sample of arbon
nanotubes has been oldly ompressed in a diamond anvil ell, shows the
transformation into what is believed to be a novel arbon allotrope. It was
disussed on the basis of theoretial alulations104 that the new form of ar-
bon obtained by Wang et al.102 an be desribed as a arbon foam struture.
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Figure 3.2: The boundary atoms of zig-zag (a) and armhair (b) arbon
foams. The unit ells are indiated by dashed lines.
The results indiate that kinetially stabilized produts, suh as low-density
arbon foam materials, may have possibly been formed in this experiment.
It was also shown that the new rystalline arbon phase is a hard arbon
phase with a high (alulated) bulk modulus.104
3.1.1 Computational Details
The systemati studies of the stability, eletroni and mehanial prop-
erties of different arbon foams were performed using the DFTB method as
it was disussed in Setion 2.4. Periodi boundary onditions were used to
alulate the innite rystalline solid state.
The binding energies of the arbon foams an be onsidered as follows:
The elementary ell onsists of nx arbon atoms at the boundaries (juntions)
and ni atoms inside the graphene fragments (stripes). Thus, the energy of a
arbon foam an be written as
Ebind = niε∞ + nxεx, (3.1)
where ε∞ is the binding energy of the innite graphene layer, whereas εx
desribes the binding energy of the boundary atoms in the unit ell. Sine
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Figure 3.3: The hexagonal (a) and orthorhombi (b) elementary unit ells
of the (3,3) zig-zag arbon foam and (), (d) the respetive Brillouin zones.
the total number of atoms n = ni+nx, the energy an be expressed as follows:
Ebind = nε∞ − nxε∞ + nxεx, (3.2)
Dening ∆ε = εx − ε∞, the energy per atom beomes:
Ebind
n
= ε∞ +
nx∆ε
n
(3.3)
where the number of boundary atoms nx per unit ell is hold onstant at
nx = 8.
The onjugate-gradient sheme was hosen for the geometry optimiza-
tion. The number of k-points was determined by reahing onvergene for
the total energy as a funtion of k-points aording to the sheme proposed
by Monkhorst and Pak.105 Band strutures were omputed along lines be-
tween high symmetry points of the Brillouin zone. The rst Brillouin zones
with the highly symmetri points for hexagonal and orthorhombi unit ells
[Figures 3.3 (a)−(b)℄ are shown in Figures 3.3 ()−(d).
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The mehanial properties were studied in detail by estimation of the
bulk and shear moduli. The elasti onstants (stiness) cij were alulated
using the nite-differene sheme (the derivatives of the total energy with
strain εi,j) as:
∂
∂εi
·
(
∂E
∂εj
)
= cij (3.4)
The matrix of onstants was further used to obtain the bulk modulus
B =
1
9
[c11 + c22 + c33 + 2 (c12 + c13 + c23)] (3.5)
for orthorhombi latties or
B =
∆c33 + 2c13
∆ + 2
, (3.6)
for hexagonal unit ells, where
∆ =
c11 + c12 − 2c13
c33 − c13
. (3.7)
The shear modulus G an be alulated aording to:
G =
1
15
[(c11 + c22 + c33 − c12 − c13 − c23) + 3 (c44 + c55 + c66)] (3.8)
3.1.2 Struture
Carbon foams are three-dimensional porous strutures that ontain both
sp2 and sp3 hybridized atoms [see Figure 3.1℄. They an be thought of as
onstruted from graphene planes interonneted rigidly with one another
at 120◦, forming a linear hain of sp3 bonded atoms along the juntion [see
Figures 3.4℄. At these juntions, always three graphene layers meet [.f Fi-
gures 3.4 () and (f)℄ resulting in the honey-omb-shaped ross-setion (CS)
of the foam. If the graphiti segments are onneted to eah other at differ-
ent angles than 120◦, the systems with non-hexagonal CS are obtained. The
present study was restrited to foams that ontain only six-fold rings and
hexagonal ross-setions.46
Carbon foams disussed here an also be onsidered as AA-staked gra-
phite strutures with a signiantly inreased interlayer distane. Thus, N
desribes the length of graphene fragments linked together by M graphene
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Figure 3.4: (a) The struture of the (3,3) zig-zag arbon foam and (b) its
bonding onguration at the juntion in an orthorhombi lattie ompared to
the (10, 0) zig-zag arbon nanotube (, d). (e) The struture of the (3,5)
armhair arbon foam and (f) its bonding onguration at the juntion in
an orthorhombi lattie ompared to the (5, 5) armhair arbon nanotube (g,
h). Only three hexagonal units in a diretion and two unit ells in b and c
diretions are shown for visual larity. The blak irles represent the linear
hain of the sp3 hybridized atoms.
stripes. In other words, the N -stripes are funtionalized by M -fragments.
In this way, M determines the interlayer spaing as d =
√
3M . The ABAB-
staked forms are possible as well, as e.g. in the ase of defeted graphite
(Setion 3.1.6). The sp2 arbon atoms, whih are transformed into sp3 atoms,
make rigid interonnetions between the graphene layers.
In Figure 3.4 (a) and (e) perspetive views of the (3,3) zig-zag and the
(3,5) armhair arbon foams are given, in omparison to the (10,0) zig-zag
[Figures 3.4 (), (d)℄ and (5,5) armhair [Figure 3.4 (g) and (h)℄ arbon nano-
tubes.
For a given pore size, the elementary unit ells of zig-zag and armhair
arbon foams differ in the number of atoms (n). As an example, the (2,2)
arbon foam onsists of 44 and 20 arbon atoms for the zig-zag and the arm-
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hair foam, respetively. All strutures an be represented in orthorhombi
3D arbon networks. Moreover, the zig-zag foams, with N = M , an be
desribed within hexagonal latties as well.
The interlayer distanes d [Figure 3.4℄ vary in the range of 4.7 Å [(1,1)
zig-zag foam℄ and 32.3 Å [(9,9) armhair foam℄. The orthorhombi unit ell
length in a diretion an be as short as 2.46 Å and 4.27 Å for armhair and zig-
zag arbon foams, respetively. The pore size is determined by the unit ell
parameters b and c (see Figure 3.3 for denition). Keeping a at its minimum
and reduing the width in the b and c diretions to zero (N ,M = 0), the
struture redues to a network of fourfold oordinated arbon atoms, namely
that of ubi diamond (from armhair arbon foams) or hexagonal diamond
(isodiamond; from zig-zag arbon foams).93,106 On the other hand, inreasing
the system in a and b diretions gives, in the a, b −→ ∞ limit, the struture
of an isolated graphene layer.
The strutures of zig-zag and armhair foams also differ in the types of
onnetions (bonds): three types of ovalent bonds, sp2−sp2, sp2−sp3, and
sp3−sp3, an be found in the zig-zag arrangement (f. Table 3.1), whereas
armhair foams have two kinds of sp2−sp2 bonds (single and double; f. Ta-
ble 3.2) and sp2−sp3 bonds (there are no diret sp3−sp3 onnetions along
the a axis). Comparing the geometries of arbon foams with the orrespond-
ing data for graphite and diamond (Table 3.1), one an nd that the bond
lengths are in between the values for both arbon allotropes. The sp3−sp3
bonds at the juntions are only slightly distorted from the ideal tetrahedral
bonds in diamond. Moreover, the angles at the threefold and fourfold oor-
dinated atoms are the same as those in graphite and diamond, respetively.
The sp2−sp2 bond lengths in the zig-zag foams are very lose to the bond
lengths in graphite, whereas in armhair foams 'single' and 'double' bonds
between sp2 arbon atoms exist (f. Table 3.2). The differene between 'sin-
gle' and 'double' bonds dereases with inreasing size, approahing the value
of graphite.
Furthermore, the results indiate that the optimized unit ell sizes of
arbon foams orrespond to mass densities smaller than that of graphite
(ρ = 2.27 g m−3) and diamond (ρ = 3.54 g m−3) [f. Figure 3.5℄. The
only exeption was found for the (1,1) zig-zag foam with a mass density of
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Table 3.1: The geometry parameters of the symmetri zig-zag arbon foams
ompared to the alulated and the experimental data for graphite and dia-
mond (values in parenthesis).
Struture Bond length [Å℄ Bond angle [◦℄
graphite sp2−sp2 1.420 (1.421) sp2−sp2−sp2 120.11 (120.00)
diamond sp3−sp3 1.541 (1.545) sp3−sp3−sp3 109.47 (109.47)
(1,1) sp2−sp2 1.359 sp2−sp2−sp2 120.00
sp2−sp3 1.536 sp3−sp2−sp3 109.11
sp3−sp3 1.557
(2,2) sp2−sp2 1.418 sp2−sp2−sp2 120.00
sp2−sp3 1.534 sp3−sp2−sp3 109.16
sp3−sp3 1.585
(3,3) sp2−sp2 1.420 sp2−sp2−sp2 120.00
sp2−sp3 1.530 sp3−sp2−sp3 109.17
sp3−sp3 1.567
(4,4) sp2−sp2 1.424 sp2−sp2−sp2 120.00
sp2−sp3 1.531 sp3−sp2−sp3 109.16
sp3−sp3 1.576
(5,5) sp2−sp2 1.425 sp2−sp2−sp2 120.00
sp2−sp3 1.532 sp3−sp2−sp3 109.17
sp3−sp3 1.575
Table 3.2: The geometry parameters of the symmetri armhair arbon
foams.
Struture Bond length [Å℄ Bond angle [◦℄
(2,2) sp2−sp2 1.352, 1.448 sp2−sp2−sp2 120.87
sp2−sp3 1.523 sp3−sp2−sp3 110.46
(3,3) sp2−sp2 1.372, 1.442 sp2−sp2−sp2 120.63
sp2−sp3 1.518 sp3−sp2−sp3 110.07
(4,4) sp2−sp2 1.384, 1.436 sp2−sp2−sp2 120.41
sp2−sp3 1.515 sp3−sp2−sp3 109.23
(5,5) sp2−sp2 1.394,1.443 sp2−sp2−sp2 120.27
sp2−sp3 1.515 sp3−sp2−sp3 108.81
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arbon
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ρ = 2.42 g m−3.
The smallest armhair foams (N ,1) with an initial distane between the
graphiti segments smaller than the van der Waals interlayer distane of
graphite beome very interesting systems after a full geometry optimization
[Figure 3.6℄. During the optimization, the sp3 hybridized atoms of these
strutures open one of the four bonds and bind strongly to three neighbors
only. This results in a porous system, built of sp2 arbon atoms (in the fol-
lowing these forms are alled 'sp2 arbon foams'). To obtain suh strutures
a larger unit ell in a diretion is required (at least three times the original
lattie) to allow the breaking of sp3−sp3 onnetions. Otherwise the opti-
mization leads to a typial diamond system. As an example the (3,1) sp2
armhair foam is shown in Figure 3.6 (a). Its distane d = 3.24 Å between
the graphiti fragments as well as the bond lengths are similar to those of
layered graphite, although the arrangement of the atoms is different. The
mass density (ρ = 2.47 g m−3) of this foam is about the same as for the (1,1)
zig-zag arbon foam. Analogous sp2 foams were also disussed by Umemoto
et al.94 with similar onlusions.
Similar to the sp2 foams, arbon foams an be onstruted by srew twist-
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Figure 3.6: The struture of sp2 arbon foams: (a) the (3,1) armhair
arbon foam and (b) srew disloated graphite.
ing of graphite layers. They an be related to the struture of 'Srew Dislo-
ated Graphite (SDG)47' that is shown in Figure 3.6 (b). This type of ar-
bon foams will be alled 'srew disloated graphite' or SDC in the following.
SDC has the same interlayer distane and bond lengths as layered graphite.
However, there are ovalent bonds present in c diretion that onnet the
neighboring graphene fragments parallel to the ab planes. By onstrution,
these bonds are formed by providing atoms within the graphene layers with
additional neighbors in c diretion, loally removing planarity without hang-
ing the hybridization of the arbon atoms. The system - shown in Figure 3.6
(b) - orresponds to the SDG (7,1) armhair arbon foam.
Both types of sp2 foams have different kinds of nanopores, but both form
two-dimensional interonneted hannels between the pores: the sp2 arbon
foams have diret onnetions between pores along the b diretion [Figure 3.6
(a) bottom℄, while SDG onnetions are rather twisted [Figure 3.6 (b) bot-
tom℄. On the other hand, the sp2−sp3 arbon foams have losed nanopores
(one-dimensional hannels), similar to nanotubes.
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3.1.3 Energeti and Mehanial Stability
The energeti and mehanial stability of different arbon foams was stud-
ied following the disussion in Setion 3.1.1. The binding energy (per atom)
as a funtion of n (n is the number of atoms per unit ell) is shown in Fig-
ure 3.7. The energy of arbon foams asymptotially approahes the binding
energy of a graphene layer. Aording to the proposed model onsideration
(Setion 3.1.1) the ohesive energy should follow a linear trend with respet
to n−1. Figure 3.8 shows that the energy of the investigated arbon foams
indeed inreases nearly linearly with n−1, as expeted from Equation (3.3).
The deviations from the linearity [f. Figure 3.8℄ may be explained by the
differenes in the types of boundary atoms (nx) for a given type of strutures.
In zig-zag systems there are 8 sp3 juntion atoms per elementary unit ell,
while 4 sp2 and 4 sp3 arbon atoms (per unit ell) our at the juntions in
armhair strutures [f. Figure 3.2℄. The sp2 arbon atoms in zig-zag foams
form graphene stripes with a fully deloalized π-eletron system. In armhair
foams, the π-eletron deloalization is distorted by the π bonds at the sp2
atoms at the boundary of graphene-like stripes. This has obviously a stronger
inuene in smaller strutures. For larger systems the bonding behavior of
all boundary atoms beomes very similar, i.e. all strutures have nearly the
same n−1 size dependene. This is also onrmed by the observation, that
the sp2−sp2 bond lengths in armhair systems depend on the size: The sin-
gle and double bond lengths beome similar with inreasing the system size
(Table 3.2). They slowly approah the values of bond lengths in graphite.
The alulations indiate that arbon foams are quite stable systems om-
pared to the other well-known arbon allotropes. The origin of their favorable
stability is the fat that the arbon foams disussed here do not ontain bents,
but only straight graphiti planes, in ontrast to fullerenes and nanotubes
that are also purely sp2 bonded but exhibit urved graphiti fragments. The
largest studied arbon foams [(5,5) zig-zag (n = 116) and (7,7) armhair
(n = 104)℄ are almost as stable as graphite and diamond. Their ohesive
energies were found to be smaller by only ∼0.09 eV atom−1 than that of a
graphene layer (Ebind = 7.986 eV atom
−1). The least stable (1,1) zig-zag ar-
bon foam (n = 20) with an energy of 7.538 eV atom−1 is as stable as the (5,5)
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Figure 3.7: The binding energy of the investigated arbon foams as a fun-
tion of n (n-the number of atoms per unit ell). The orresponding energy of
a single graphene layer is given as a referene (dashed line).
armhair arbon nanotube (Ebind = 7.539 eV atom
−1) and similarly stable
to the (10,0) zig-zag arbon nanotube (Ebind = 7.501 eV atom
−1). Further-
more, it was found that exept for the (1,1) zig-zag arbon foam, all stru-
tures are more stable than the isolated C60 age (Ebind = 7.569 eV atom
−1
by at least ∼0.08 eV atom−1. The sp2 arbon foams are very stable, as
well. As an example, the (3,1) foam is less stable by ∼0.16 eV atom−1 than
the most stable arbon allotropes. The stability of SDG (7.924 eV atom−1)
and graphite/diamond is about the same. These results suggest that arbon
foams an be stable one they have been formed.
The mehanial properties were studied by estimation of the bulk (B)
and shear (G) moduli aording to Equations (3.5) and (3.8). The results
(Tables 3.3 and 3.4) show that with inreasing size of the pores (N and M)
the bulk modulus dereases. The smallestB belongs to the (1,5) zig-zag foam
(4.25 GPa). The shear moduli have a similar tendeny and the smallest value
was found for the (7,7) armhair system (0.1 GPa). The most sti arbon
foam is the (1,1) zig-zag with B = 285.13 GPa andG = 176.95 GPa, beause
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e (dashed
line).
this struture is losest to the diamond struture. On the other hand, it is
interesting to note that for a given pore size the armhair arbon foams
seem to be mehanially more stable than the zig-zag strutures. Another
tendeny is that the bulk as well as the shear moduli beome smaller going
from systems with M = 1 to M = 5.
As expeted for strutures built from graphite and diamond segments
ontaining both sp2 and sp3 hybridized atoms, the alulated bulk moduli of
the arbon foams vary over a wide range: ∼5 up to ∼300 GPa, i.e. ranging
between that of graphite (5.5 GPa) and nearly approahing that of diamond
(514 GPa). Moreover, the (3,1) armhair and SDG arbon foams also possess
rather large bulk moduli of 48.5 GPa and 20.2 GPa, respetively, ompared
to graphite.
The G values of arbon foams are, however, learly smaller than those
of diamond (621 GPa) and for larger strutures they beome lose to that
of graphite (3 GPa). Evidently arbon foams are mehanially rather stable
onerning the bulk moduli. However, it is important to notie that larger
Chapter 3. Carbon Strutures 43
Table 3.3: The bulk and the shear moduli (B and G) of zig-zag arbon foams
given in GPa.
B G
H
H
H
H
H
H
N
M
1 2 3 4 5 1 2 3 4 5
1 285.1 89.0 21.5 8.25 4.25 176.95 53.1 15.3 4.3 3.6
2 265.5 157.7 54.85 18.3 6.95 105.8 32.3 13.5 6.6 3.2
3 225.2 172.9 97.0 69.5 21.0 122.7 17.9 8.7 8.1 4.6
4 148.6 137.3 124.8 73.9 69.1 142.8 11.6 6.3 4.6 4.6
5 183.5 107.9 109.4 98.9 75.5 76.5 7.95 5.0 3.8 2.9
Table 3.4: The bulk and the shear moduli (B and G) of armhair arbon
foams given in GPa.
B G
H
H
H
H
H
H
N
M
2 3 4 5 2 3 4 5
1 266.7 78.2 28.8 12.6 64.35 24.65 12.45 7.9
2 213.3 156.3 57.4 23.4 26.2 16.8 9.2 6.4
3 140.6 162.1 95.7 47.2 12.2 8.7 4.7 4.3
4 89.6 114.8 9.0 4.3
5 65.0 88.2 100.6 92.3 3.6 3.7 2.4 0.9
foams (Tables 3.3 and 3.4) ould beome unstable against shear fores, be-
ause of their small shear moduli. This behavior omes from the fat that
arbon foams are highly anisotropi systems.
Furthermore, the properties of the investigated arbon foams with M = 2
and inreasing N were studied to searh for size dependent trends. The
results are shown in Table 3.5. Indeed, these arbon foams slowly approah
the properties of layered graphite. The bulk modulus reahes the maximum
value at the (3,2) struture and dereases ontinuously with inreasing sizes.
As the foam with inreasing size starts to mimi the struture of layered
graphite, its binding energy inreases as well. However, the mass densities
are muh smaller, beause the distane between graphiti segments is almost
three times larger than in layered graphite.
44 3.1. Carbon Foams
Table 3.5: Calulated mass densities (ρ), bulk moduli (B), band gaps (∆)
and binding energies per atom (Ebind) of zig-zag arbon foams with M = 2.
(N ,M) ρ [g m−3℄ B [GPa℄ ∆ [eV℄ Ebind [eV atom
−1℄
(1,2) 1.77 89.0 1.48 7.745
(2,2) 1.46 157.7 1.56 7.796
(3,2) 1.30 172.9 0.0 7.817
(4,2) 1.20 137.3 1.11 7.836
(5,2) 1.14 107.9 0.78 7.852
(6,2) 1.09 84.1 0.0 7.863
(7,2) 1.06 74.2 0.63 7.873
(8,2) 1.03 66.6 0.50 7.881
(9,2) 1.01 58.8 0.0 7.887
(10,2) 0.99 51.4 0.44 7.893
graphite 2.27 5.5 0.0 7.986
3.1.4 Eletroni Properties
In this setion the densities of states (DOS') and band strutures of the
investigated arbon foams are disussed. The alulated band gaps of zig-
zag foams indiate a similar size dependene as for zig-zag nanotubes. They
are metalli, if the distane between two juntions is a multiple of three
hexagonal units:
(N,M) = [3 · m,M ] (3.9)
and/or
(N,M) = [N, 3 · m], (3.10)
with m = 1, 2, 3, . . .; otherwise the foams are semionduting with a gap
size in the same range as for semionduting arbon nanotubes (0.6−1 eV).
Similar to armhair arbon nanotubes, the armhair arbon foams are all
metalli independent of their size.
Figure 3.9 shows the band strutures and densities of states for the sym-
metri zig-zag arbon foams alulated in hexagonal latties. These results
are ompared with the band struture and DOS of AA-staked hexagonal
graphite. Although the dispersion along the lowest ondution band as well
as the highest valene band is very small, the systems were reognized as
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Figure 3.9: The band strutures and the densities of states of the symmetri
zig-zag arbon foams (a−) and graphite (d) in a hexagonal lattie represen-
tation. The green line in (b) denotes the PDOS of the sp3 arbon atoms along
the juntion. The Fermi level is shifted to 0.0 eV (horizontal dashed lines).
indiret-gap semiondutors. A distint dispersion appears along the K−H
lines [Figure 3.9 (b), ()℄. The eletroni struture reveals that mostly the
atoms in the diret neighborhood of the sp3 arbon hains ontribute to the
bands near the Fermi level. The (3,3) zig-zag arbon foam is metalli with
bands rossing the Fermi level at the K point of the Brillouin zone.
Some examples of band strutures and DOS' of the orthorhombi (N 6=
M) zig-zag arbon foams are shown in Figures 3.10 (a)−(b). These foams
are metalli as it was stated in Equations (3.9) and (3.10). There is a visible
large band dispersion along the ka − kb plane [see Figure 3.3 for denition of
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Figure 3.10: The band strutures and the densities of states of zig-zag (a, b)
and armhair (, d) arbon foams in an orthorhombi lattie representation.
The green lines denote the PDOS' of the sp3 arbon atoms along the juntion.
The Fermi level is shifted to 0.0 eV (horizontal dashed lines).
ka and kb℄, similar to that of a graphene monolayer.
Band strutures and DOS' of some armhair arbon foams are shown in
Figures 3.10 ()−(d). This group of metalli strutures has bands rossing
the Fermi level along the X−S and Y−Γ lines. Large dispersions of valene
and ondution bands are visible as well.
PDOS' of the juntion atoms (sp3) are shown in Figures 3.9 and 3.10
for the metalli systems. It an be seen that the line of juntion atoms
has an insulating harater and the metalli properties of the arbon foams
are restrited to the graphene-like stripes with sp2 hybridized arbon atoms.
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Figure 3.11: The densities of states of the (3,1) armhair arbon foam (left)
and the srew disloated graphite (right). The Fermi level is shifted to 0.0 eV
(horizontal dashed line).
Thus, for larger semionduting arbon foams the band gap will derease
with inreasing size (f. Table 3.5).
The family of sp2 armhair foams is also metalli. The densities of states
of the (3,1) struture and the SDG are shown in Figure 3.11. The band
strutures are very ompliated and therefore not shown here. The DOS' of
both systems are similar to that of layered graphite.
3.1.5 Foams Interalated by Carbon Nanotubes
Sine arbon foams are highly porous strutures, their large avities an
at as hosts for several guest systems. This setion is foused on the proper-
ties of arbon foams interalated with arbon nanotubes (CNTICFs is used in
the following). These strutures are purely hypothetial. Suh a ombination
of foams and tubes an hange signiantly the properties (e.g. mehanial
properties) of the whole system ompared to eah omponent itself. This
may also result in a hanged sorption apability, as nanotubes inside pores
of a foam may oer additional adsorption sites.
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(a) (b)
(c)
Figure 3.12: The strutures of the (3,3) zig-zag arbon foam interalated
by: (a) the (6,0), (b) the (9,0) and () the (8,0) arbon nanotube. The latter
one (a side view) shows the ABAB-like staking of the 6-fold rings between
the foam and the tube.
As a benhmark system the (3,3) zig-zag arbon foam was hosen. This
foam is metalli with a bulk modulus of 97.0 GPa and a binding energy of
7.842 eV atom−1. Figure 3.12 shows some examples of CNTICFs. Carbon
nanotubes an interalate a arbon foam in different ways. Two of them are
disussed here: The rst type of CNTICFs is with every pore in eah seond
olumn oupied by a tube [Figure 3.12 (a)℄, whereas the seond type has
eah pore interalated by a CNT [Figure 3.12 (b)℄.
After the nanotube was introdued into a avity, it has been observed
that the arrangement between the tube and the foam mimi that of ABAB-
staked graphite [f. Figure 3.12 ()℄ with respet to the six-membered rings
of both moieties. This is onneted to the van der Waals interations between
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the two moieties. Moreover, smaller tubes inside a large avity of the foam
shift to one of the orners of the foam, as in the ase of the (6,0) arbon
nanotube [f. Figure 3.12 (a)℄. The diameter of this nanotube is 4.77 Å.
Taking into aount the diameter of the foam pores (13.75 Å) one an see
that the remaining distane between walls of the tube and the foam (4.49 Å)
is larger than the van der Waals interlayer distane in graphite. Thus, the
tube shifts loser to one side of the foam pore to allow an optimal interation
distane as in the layered graphite.
The properties of these ombined systems are shown in Table 3.6. The
results indiate that CNTICFs are energetially slightly less stable than the
orresponding empty arbon foam. However, the stability inreases with the
size of the introdued CNT. The metalli harater of the foam is kept in the
ombined systems. Mass densities inrease for larger tubes, but stay lower
or equal to that of graphite (ρ = 2.27 g m−3). Considering the bulk moduli
of CNTICFs one an see that introdution of a larger tube indeed inreases
the stiness of the arbon foam. For a (10,0) nanotube in every pore, the
bulk modulus raises from 97.0 GPa to almost 180 GPa.
3.1.6 Defeted Graphite
Graphite is well known as a moderator in nulear reators. Under irradia-
tion the dened layered struture of graphite hanges signiantly and many
defets are reated. Often ourring defets, vaanies or interstitials an
merge into extended defets alled disloation loops or lines. Aggregation of
interstitials ause the interlayer distane expansion due to the formation of
new layers. Vaany lines, on the other hand, produe the basal ontration.
In this setion, two of the reently reported47 disloations are investigated:
the zig-zag and the armhair prismati edge disloations.
Under strong irradiation the original layered struture of graphite (d =
3.35 Å) is lost. Two types of highly defeted graphite strutures are shown
in Figure 3.13. Both are formed from ABAB-staked graphite.
In the zig-zag prismati edge disloated system the neighboring layers are
interonneted loally by sp3 arbon atoms [Figure 3.13 (a)℄. This struture is
similar to the arbon foams disussed above. Unlike in the arbon foams, the
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Table 3.6: Calulated mass densities (ρ), bulk moduli (B) and binding ener-
gies per atom (Ebind) of the (3,3) zig-zag arbon foam interalated by arbon
nanotubes.
(L,M) ρ [g m−3℄ B [GPa℄ Ebind [eV atom
−1℄
Type I*
(6,0) 1.40 107.4 7.774
(7,0) 1.47 97.6 7.797
(8,0) 1.53 104.6 7.813
(9,0) 1.59 119.6 7.823
(10,0) 1.65 138.0 7.829
Type II*
(6,0) 1.77 70.2 7.738
(7,0) 1.89 96.8 7.776
(8,0) 2.02 110.8 7.801
(9,0) 2.14 134.7 7.816
(10,0) 2.26 178.4 7.824
* - Type I: tubes in every seond olumn of pores;
Type II: tubes in eah pore.
sp3 arbons onnet only two graphiti stripes with sp2−sp3 C−C bonds of
1.491 Å. The ourrene of sp3 hybridized atoms auses a reorientation of the
single layers leading to the formation of onneted double layers (ontaining
loops or avities). The avities have a width of 6.7 Å. Eah double layer is
repeated with about 10 Å distane, thus the minimum distane between two
graphiti fragments is as large as in layered graphite (3.3 Å).
On the other hand, the armhair prismati edge disloations are har-
aterized by formation of wrinkled not bonded graphene layers [Figure 3.13
(b)℄. In this ase, well-dened avities and a d-expansion appear due to the
bends of the graphene layers. No diret onnetions between the neighboring
layers exist and thus, the system is built only from sp2 hybridized arbon
atoms. This struture an be onsidered as an interalated graphite simi-
lar to C60-interalated graphite, whih will be disussed in the next setion.
Here the interalant is simply a urled graphene layer. The bond lengths are
typial for graphite. The maximal separation between the at and the urled
layers is about 6.8 Å, whereas the minimum is around 3.2 Å. The bent layers
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(a) (b)
Figure 3.13: (a) The zig-zag and (b) the armhair prismati edge disloa-
tions in layered graphite. A and B indiate the staking of layers.
an be onsidered as spaers in the AA-staked graphite with an interlayer
distane of 10.0 Å.
As both strutures have pores with diameters larger than the van der
Waals distane in graphite, the mass densities derease from ρ = 2.27 g m−3
(graphite) to ρ = 1.62 g m−3 for both disloated graphite modiations. The
size of the pores (≈7 Å) of both strutures is about the same as the opti-
mal distane for hydrogen storage found for arbon slit-pore materials.12,24
Moreover, they are very stable having binding energies of 7.88 eV atom−1
and 7.94 eV atom−1 for zig-zag and armhair disloations, respetively.
3.2 C60-Interalated Graphite
The graphite interalated ompounds are well known for over 20 years.107
A wide range of different atomi and moleular interalants were disussed
in the literature, among them K, Li, Rb, HNO3, AlCl3, AsF5, et.
107 The
interalation has been proposed as an interesting solution to expand the
graphite lattie with the sheets kept intat. Reently, even larger arbon-
based systems, like C60 moleules, have been used as interalants.
In 1994 Fuhrer et al.108 have proposed a new lass of materials formed by
the interalation of C60 and alkali metals into a graphite host. In this way
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materials with single layers of doped C60 in between the graphite layers are
formed. As an example, the synthesis of C32K4C60 struture was proposed.
The intermoleular spaing in this ompound was predited to be 10.0 Å and
the graphite interlayer distane d to be about 13 Å.
However, pure C60 interalated graphite (CIG) - rst synthesized by
Gupta et al.92 - is more attrative than doped materials onsidering the
storage appliations. The lak of alkali metals oers a lower mass density
and additional free spae for guest moleules. The synthesis of CIG is rather
simple: The 2:1 weight ratio of C60 and graphite is vauum sealed in a quartz
tube. This is next put into a furnae at 600◦C for two weeks. The high-
resolution transmission eletron mirosopy (HRTEM) images indiate the
hexagonal pattern of lose-paked C60 ages in between the graphite layers.
This setion is foused on the separation of graphene layers by means of
C60 fullerenes as spaers.
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3.2.1 Computational Details
The strutures of a graphene layer and the C60 moleule were optimized
at the DFTB level of theory. The geometry of C60 interalated graphite was
obtained from moleular mehanis (MM) alulations using the Universal
Fore Field (UFF), whih was re-parametrized in terms of weak interations
for suh light elements as arbon. The alulations were performed using the
deMon ode.109 All energies were alulated at the DC-DFTB (dispersion
orreted-DFTB) level (Setion 2.4) as follows:
Eatom =
Etot
N
− Efree (3.11)
where Etot denotes the total energy, N the number of arbon atoms in the unit
ell, and Efree the energy of a free arbon atom. The AA-staked graphite
struture was used in this study. Periodi boundary onditions were em-
ployed to alulate the innite rystal struture. Dierent positions and
rotational orientations of C60 between the graphene layers were investigated.
The band struture was omputed along lines between high symmetry points
of the Brillouin zone. The rst Brillouin zone with the highly symmetri
points for an orthorhombi unit ell is shown in Figure 3.3 (d) (Setion 3.1.1).
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Figure 3.14: The struture and the alulated enter-to-enter distanes of
C60 interalated graphite in the hexagonal pattern.
3.2.2 Struture
The struture of CIG is shown in Figure 3.14. In this system there are no
diret ovalent onnetions between the graphene layers and the C60 ages.
In detail,44 the alulated graphite interlayer distane is 12.98 Å and ts well
the experimental ndings of 12.7 Å.92 Also, it is in perfet agreement with the
preditions of Fuhrer et al.108 for potassium-doped CIG. At the DFTB level of
theory, the C60 radius of 3.54 Å is in lose agreement with 3.55 Å found in X-
ray experiments.92,110 The van der Waals diameter between the age and the
graphene sheet was alulated to be 2.95 Å. The C60 enter-to-enter in-plane
distane of about 12.3 Å, was estimated from the HRTEM image in the work
of Gupta et al.92 For the interlayer geometry the experimentally observed
hexagonal pattern was used in the alulations, with the lattie onstant of
12.5 Å. The enter-to-enter in-plane distane is by ∼2 Å larger than the one
predited for C32K4C60.
108 Thus, this value was further optimized as well.
After optimization, the C60 in-plane intermoleular distane dropped down
to 10.1 Å, whih ts to the predited value for C32K4C60. The energetially
most favorable was hexagon-to-hexagon orientation with ABAB-like staking
between the C60 age and the graphene layer. The alulated mass density of
CIG (1.28 g m−3) is muh smaller than that of pure graphite (2.27 g m−3)
or solid C60 (1.73 g m
−3). This fat is attrative for the possibility of gas
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Figure 3.15: The interation potential between hydrogen moleule and C60
interalated graphite in a hexagonal pattern. The potential energy isosurfae
is shown in a diagonal ut through the unit ell.44
storage or sieving appliations.
For CIG the ative volume was found in the fosses and the grooves be-
tween the fullerenes and the graphene sheets, where the potential reahes the
most negative value [−12.5 kJ mol−1; Figure 3.15℄. On the other hand, the
ative volume of CIG, determined by numerial integration, is found to be
19% of the total volume. In omparison, the same struture without fullerene
spaers has an ative volume of 62%. (The ative volume an be dened as
the spae of attrative guest-host potential.) Thus, there is a need of lower-
ing the density of C60 moleules between the graphene layers to optimize the
struture in order to be a better storage medium.
3.2.3 Energeti Stability and Eletroni Properties
The stability of CIG was ompared to different arbon forms by means
of atomization energies per arbon atom, aording to Equation (3.11). CIG
has an atomization energy per atom of 7.746 eV atom−1. Hene, it is less
stable than the most stable arbon allotropes, graphite and diamond, by
about 0.24 eV atom−1 (see Table 3.7). CIG is, however, more stable than the
isolated and solid C60. The results indiate that this system is energetially
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Table 3.7: Calulated atomization energies per C atom (Eatom), gap energies
(∆) and mass densities (ρ) for various arbon allotropesa.
Struture Eatom [eV atom
−1℄ ∆ [eV℄ ρ [g m−3℄
graphite 7.986 0 (0)111 2.27 (2.27)111
diamond 7.982 6.88 (6.0)111 3.54 (3.51)111
C60 (gas phase) 7.555 1.78 (1.7)
C60 (solid) 7.569 1.67 (1.7)
112 1.73 (1.72)112
CIG 7.746 0 1.28
a Experimental values are given in parenthesis.
relatively stable.
The partial density of states and the band struture of C60 interalated
graphite is shown in Figure 3.16. The results indiate that CIG has a zero
band gap. The C60 does not disturb the semi-metalli harater of graphene
layers. The bands ross the Fermi level at one point, similarly to pure
graphite [see Figure 3.16 left℄. Close to the Fermi level the bands are dom-
inated by 2p states. The PDOS of the C60 arbon atoms in CIG is similar
to that of pure solid C60. The separation of the top of the valene band and
the bottom of the ondution band is, however, slightly smaller in the CIG
band struture. CIG keeps the paraboli spetrum around the Fermi energy
that is typial for graphite systems.
3.3 Summary
In this hapter, different graphite modiations, arbon foams, defeted
graphite, and C60 interalated graphite, were investigated. In the ase of ar-
bon foams, funtionalization of the graphene layers was employed to expand
the interlayer distane. The funtionalization transforms sp2 to sp3 arbon
atoms and allows ovalent interlayer onnetions. As a onsequene, a hain
of sp3 arbons appears along the pore juntions. Sine arbon foams ontain
both sp2 and sp3 hybridized atoms, they an represent novel arbon modi-
ations. Foam-like systems with only sp2 hybridized atoms are also known
and these strutures have properties lose to those of layered graphite.
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Figure 3.16: (left) The band struture and (right) the partial density of
states of C60 interalated graphite. The Fermi level is shifted to 0.0 eV (hor-
izontal dashed line).
The present omputations onrm high stability of arbon foams as om-
pared to the most stable arbon allotropes (graphite and diamond). The
foams have large bulk moduli, although they might beome less resistant
against shear fores, when the size of the pores is inreased. The stiness of
arbon foams an be improved by interalation with e.g. arbon nanotubes.
The eletroni properties of the investigated foams are very similar to those
of arbon nanotubes. Zig-zag arbon foams are metalli only, if one of the
walls has a size, whih is a multiple of three hexagonal units. Otherwise, the
zig-zag foams are semionduting. Armhair foams have metalli harater
independent of their pore size.
High porosity, rystal-like struture and low mass density are very attra-
tive features, in partiular for guest-host interations. Carbon foams were
found to reah at the same time24 the gravimetri and volumetri apaities
proposed by DOE.13
Upon irradiation layered graphite may undergo a kind of disloation and
result in a defeted graphite. In a zig-zag prismati edge disloation the
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interlayer distane is inreased by loally present sp3 arbon atoms whih in-
teronnet two neighboring layers. The seond type is an armhair prismati
edge disloation, where no sp3 arbons exist and the distane is inreased
by the presene of wrinkled layers in between. This graphite modiations
were found to be as stable as non-modied graphite. By means of volumetri
apaity these strutures easily reah the target of DOE.24
An alternative possibility to inrease the interlayer distane is interala-
tion: In this ase, the graphene sheets are kept intat and no diret on-
netions exist between them and the interalant. The size of the resulting
avities depends on the size of the spaers. As an example, C60 interalated
graphite was investigated. Here, the graphene layers are separated by a layer
of lose-paked fullerenes. The results onrm the struture and the stability
of the reently reported CIG system.92
The shape of the spaers allows a free penetration of H2 into and out of
the material with no eet on its strutural properties. The spaers double
the interation free energy of the material with H2.
44 On the other hand,
the fullerenes redue the ative volume of 62 % of the struture without
spaers to 19 % in CIG, in whih the C60 ages are hexagonal lose-paked.
Therefore, for hydrogen storage more promising materials ould be reated,
if it would be possible to redue the density of C60 inside CIG.
The disussed arbon nanostrutures represent interesting systems to fol-
low the realization of hydrogen-storage devies based on physisorption. The
expansion of the interlayer distane in graphite is one of the most important
fators to optimize graphite-based materials for pratial storage applia-
tions.
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The assembly of new materials with tailored properties from well dened
moleular building bloks113 is nowadays of great interest. Copolymerization
of a wide range of organi moleules with polynulear omplexes an result in
the formation of Metal-Organi Frameworks (MOFs)32,33,114116 that are on-
sidered as a new lass of oordination polymers. MOFs with their inorgani
onneting units (based on a transition metal omplex or luster) and the
manifold of organi linker moleules are promising materials with uniform
and monodisperse pore sizes in the nanometer region.
For a given topology of a onnetor, e.g. a tetrahedral Zn4O luster,
one an obtain isoretiular series of metal-organi frameworks. Indeed, suh
materials with zin arboxylate lusters have been suessfully synthesized
by Eddaoudi et al.117 using a strategy based on retiulating metal ions and
organi arboxylate linkers into extended periodi strutures. They have
obtained 16 different metal-organi frameworks, so-alled isoretiular MOFs
(IRMOFs). Novel strategies of synthesis allow a systemati variation of the
pore size using different organi linkers without hanging the ubi topology
of the whole framework. MOFs with non-ubi topologies are also known and
the strutures are obtained by hanging the inorgani onnetor moieties.
The synthesis of rystalline MOFs is simple and based on mixing together a
solution of the aid form of the linker and a simple metal salt in the desired
stoihiometry, as desribed in the literature.117
The sanning eletron mirosopy (SEM) images and the strutures of
two exemplary MOF materials are shown in Figure 4.1: Zn4O(BDC)3 (BDC:
benzene-1,4-diarboxylate)117 and Cu3(BTC)2(H2O)3 (BTC: benzene-1,3,5-
triarboxylate).115 The rst struture, IRMOF-1, ontains a tetrahedral ar-
ray of the onnetor, while the seond is based on a pseudootahedral oor-
dination sphere with an additional axial aqua ligand.
The framework topologies an be predited by onsideration of the ge-
ometry and onformational informations of seondary building units [SBUs;
see Figure 4.2℄. MOFs exhibit unique framework properties suh as interpen-
etration, dynamial rystal-to-rystal transformations and hirality. Other
properties of MOFs, suh as avity radius, density and free volume, an be
widely varied, leading to the lowest known densities for a rystalline ma-
terial.119 These materials exhibit very large spei surfaes (1000−6000
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(a) (b)
Figure 4.1: The sanning eletron mirosopy images (adopted from the
work of Panella et al.118) and the orresponding strutures of: (a) IRMOF-1
(Zn4O(BDC)3; BDC: benzene-1,4-diarboxylate) and (b) Cu3(BTC)2(H2O)3
(BTC: benzene-1,3,5-triarboxylate).
m2g−1).120
Taking into aount the arhiteture of MOF materials, their properties
an be modied by: substitution of the linker by other organi moleules,
substitution of the onnetor (hanging the metal atoms in it) or exhanging
both, the linker and the onnetor. Suh open-framework materials display
exibility and expand in size to aommodate adsorbed guests, thereby mak-
ing MOFs interesting for gas separation, atalysis, moleular sensors and so
forth.36,119,121124 The possibility to ontrol the arhiteture, the pore size dis-
tribution, the funtionalization of the organi part, as well as large surfae
areas, provide these rystalline ompounds as exellent systems in mole-
ular sorption appliations.3537 Moreover, several possibilities of inreasing
the gas adsorption in MOFs have been suggested in the literature, among
them atenation and inlusion of 'open' metal sites.40,43,120,124 Catenation
produes smaller pores and more adsorption sites per unit ell, whih both
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Figure 4.2: Examples of inorgani onnetors and organi linkers, and the
orresponding seondary building units. Adopted from the work of Yaghi et
al.32
should provide higher heats of adsorption. Open metal sites should inrease
the guest-host interation.
This hapter is organized as follows: MOFs, also atenated, with a Zn-
based onnetor and different organi linkers are disussed in Setion 4.1.
Setion 4.2 shows the results on Cu-based MOF with open metal sites. In
Setion 4.3 the guest-host interations between H2 and IRMOF-1 are inves-
tigated. Finally, the results are summarized in Setion 4.4.
4.1 Zn-Based Metal-Organi Frameworks
This setion is devoted to the properties of Zn-based metal-organi frame-
works, built up with a tetrahedral ZnO onnetor. Suh a topology of the
onnetor gives a series of ubi networks, whih differ only in the type of the
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(a)
(b)
(c) (d)
Figure 4.3: The struture of IRMOF-1 (MOF-5) onsists of ubi fragments
(a). The orners of eah ube are built up of a onnetor (b). The onne-
tors are linked by organi linkers (e.g. benzene-1,4-diarboxylate) (), whih
form the edges of the ube. The onnetor an be desribed as four distorted
tetrahedra Zn(O)3O onneted by a entral O atom. (d) The hosen referene
system (IRMOF-M0; see text). Blue, red, white and green represent Zn, O,
H and C atoms, respetively.
linker. The smallest in this series, IRMOF-1, is shown in Figure 4.3 together
with its building bloks. The investigations were foused on the strutures,
in whih the linker in IRMOF-1 was exhanged by other organi moleules.
Theoretial investigations of just a few MOF strutures have so far been
reported in the literature.125129 The exhange of the transition metal (Zn
by Cd, Be, Mg or Ca) in IRMOF-1 has been studied theoretially for ex-
ample by M. Fuentes-Cabrera et al.125 LDA alulations of the geometry,
eletroni and mehanial properties were performed for IRMOF-1 by Mat-
tesini et al.127 using periodi boundary onditions (PBC). Kim et al.128 have
employed GGA-DFT with PBC in their alulations of the IRMOF-x stru-
tures (x = 1, 3, 18). These systems are derived from IRMOF-1: the hydrogen
atoms in the benzene ring are substituted by a −NH2 group (IRMOF-3) or a
−CH3 group (IRMOF-18). For these materials the authors have investigated
mainly the eletroni strutures. Semiempirial, HF and DFT alulations
were also employed by Braga et al.126 to study the struture of IRMOF-1.
They used different model systems to represent the properties of the rys-
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tal struture: starting from Zn4O(CH3COO)6 through Zn4O(PhCOO)6 up
to the enlarged system of C6H4(COO)2(Zn4O)2(CH3COO)10. In the work
of Civalleri et al.,129 the authors have alulated IRMOF-1 employing DFT
alulations at the B3LYP level using PBC. After a geometry optimization,
they have performed alulations of a deformation harge density map with
respet to the isolated atoms (using Born eetive harges) as well as the
eletroni struture and the vibrational frequenies alulations.
In this setion, the results from a systemati study are presented and an
overview over the properties of a wide range of IRMOFs130 is given. The
investigations are foused on the the organi linker nature in metal-organi
frameworks.
4.1.1 Computational Details
The DFTB method (see Setion 2.4) was used to determine the geome-
try, stability and the eletroni struture of isoretiular series of Zn-MOFs.
Some of the initial struture models of IRMOFs were built from the reported
rystal struture data.36,131 Periodi boundary onditions were used to rep-
resent the framework of the rystalline solid state. The lattie parameters
as well as the strutures were fully optimized. The number of k-points was
determined by reahing onvergene for the total energy as a funtion of the
number of k-points. The mehanial properties were investigated by deter-
mining the bulk moduli (see Setion 3.1.1 for details). The Mulliken atomi
harges and densities of states were alulated in order to desribe the ele-
troni properties of the MOFs. Moleular dynamis (MD) simulations were
performed within NVT ensembles at room temperature and 1200 K to hek
the thermal stability of these materials.
Both, well reported and hypothetial strutures with the (OZn4)
6+ on-
netors linked by different organi moleules are investigated. Suh an arhi-
teture results in highly porous materials. Figure 4.4 shows a large variety of
organi linkers onsidered in the present studies. They are either polyyli
hydroarbons (PAHs) or arbon ages (ubane, dodeahedron, fullerenes).
As a referene system, a hypothetial struture without an organi linker
[named IRMOF-M0; see Figure 4.3 (d)℄, was hosen. Here, the letter M
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stands for modied or hypothetial systems.
The linkers are divided into four groups.130 In the remainder, the num-
bering of atoms will be used aording to Figure 4.5:
• Group 1: symmetri linkers with O2C1C1O2 atoms in the same line
oiniding the linkage axis (IRMOF-1, IRMOF-993, IRMOF-13/14,
et.) [Figure 4.5 (a)℄;
• Group 2: asymmetri linkers relative to the linkage axis, but with O2
C1C1O2 atoms in the same line (IRMOF-7, IRMOF-M4a, IRMOF-
M5, et.);
• Group 3: symmetri linkers with O2C1C1O2 atoms not in the same
line (IRMOF-8, IRMOF-M1b, IRMOF-M6b, et.) [see Figure 4.5 (b)℄;
• Group 4: asymmetri linkers with O2C1C1O2 atoms not in the
same line (IRMOF-M4b, IRMOF-M3d, IRMOF-M6a, et.).
MOFs with fae-entered ubi (FCC), simple ubi (SC) or body-entered
ubi (BCC) [Figure 4.6℄ rystal strutures were taken into aount. BCC
strutures an be onsidered also as a two-fold interpenetrated SC systems.
4.1.2 Strutures
The strutures onsidered in the present setion an be represented as
otahedral arrays of diarboxylate organi bridges onneted to a omplex
of tetrahedral (OZn4)
6+ moieties. As an example the struture of IRMOF-
1 (MOF-5) is shown in Figure 4.3 (a). This system an be onsidered as
omposed of two distint strutural units: the zin-oxide-based onnetor
[Figure 4.3 (b)℄ and the benzene-based linker [Figure 4.3 ()℄, resulting in a
porous ubi network.
A linker and a onnetor are both designed to assemble three-dimensional
open frameworks [Figure 4.3℄. The onnetor is a omplex onsisting of four
distorted Zn1(O1)3O2 tetrahedra, whih are onneted by a entral O2 form-
ing a (Zn1)4(O2) tetrahedron. Suh an arrangement reates six inorgani
(zin-oxo arboxylato) and six organi (e.g. benzene) rings per orner [Fig-
ure 4.5℄. Diarboxylate organi linkers form rigid metal arboxylate lusters
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Figure 4.4: Organi linkers onsidered in the present work. For larity hy-
drogen atoms are not shown. Notation: IRMOF-x, where x = 1, 2, 3 . . ., or-
responds to the name given in the literature for experimentally known MOFs.
IRMOF-Mx denotes the proposed linkers for hypothetial MOFs studied here
(a, b, , et. indiate different isomers for a given linker).
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Figure 4.5: The representation of the zin-oxo arboxylato (green) and the
organi rings (red) in IRMOF-1 (a) and IRMOF-8 (b). Both rings are in an
'in-plane' orientation; the numbering of atoms is given, as well. For larity
hydrogen atoms are omitted.
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Figure 4.6: The struture of IRMOF-14 in a simple ubi (a) and a body
entered ubi (b; IRMOF-13) representation.
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that at as seondary building units in the extended solid. The way of onne-
tion between the building bloks in a MOF is as important as the moleular
units themselves.32,117,119
The alulated equilibrium distanes of seleted bonds in the studied
MOFs are summarized in Table 4.1. The results are ompared with the
available experimental data. Table 4.1 reveals that the bond lengths in
the zin-oxo arboxylato rings of different organi linkers are almost un-
hanged ompared to the referene system of IRMOF-M0. The alulated
C−C bond lengths agree very well with the orresponding measured dis-
tanes (∆R <2%). The agreement between alulated and experimental
O−C distanes is also good (∆R ∼2−3%). However, the O−C distanes
in IRMOF-7, -8, -14 are somewhat larger than the experimental ndings.
Also the alulated Zn−O distanes are slightly larger than measured bond
lengths. However this overestimation is uniform for all systems, where ex-
perimental data was available.
Table 4.1: Seleted bond distanes [Å℄ and the O1−Zn−O1 an-
gle [deg.℄ of the zin-oxo arboxylato ring in different IRMOFs.
The atoms are numbered aording to the rystallographi posi-
tions [Figure 4.5℄. The experimental values are given in parenthe-
sis. (SC−simple ubi, BCC−body entered ubi, otherwise FCC
latties).
Struture O1−Zn O2−Zn O1−C1 C1−C2 O1−Zn−O1
IRMOF-M0 2.088 2.072 1.307
SC 2.092 2.065 1.302
IRMOF-1 2.092 2.072 1.316 1.464 109
(1.941) (1.922) (1.301) (1.486)
SC 2.085 2.092 1.319 1.460 115
(1.941) (1.922) (1.301) (1.486)
BCC 2.084 2.095 1.319 1.460 112−114
IRMOF-7 2.069 2.067 1.305 1.462 105−115
(2.000) (1.938) (1.250) (1.460)
IRMOF-8 2.080 2.062 1.315 1.455 108−113
(1.938) (1.234) (1.482)
IRMOF-993 2.082 2.060 1.312 1.470 109
IRMOF-M1a 2.119 2.082 1.315 1.466 99−119
Continued
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Table 4.1 − Continued
Struture O1−Zn O2−Zn O1−C1 C1−C2 O1−Zn−O1
IRMOF-M1b 2.085 2.081 1.316 1.460 109−113
IRMOF-M4a 2.091 2.097 1.318 1.460 113−115
IRMOF-M4b 2.069 2.082 1.310 1.456 110−118
IRMOF-M2a 2.074 2.066 1.310 1.468 97−120
IRMOF-M2b 2.097 2.083 1.313 1.464 97−119
IRMOF-M2 2.086 2.096 1.321 1.459 108−113
IRMOF-M3a 2.080 2.091 1.315 1.463 93−126
IRMOF-M3b 2.070 2.069 1.313 1.455 109−112
IRMOF-M3 2.107 2.118 1.337 1.450 109−122
IRMOF-M3d 2.088 2.090 1.310 1.456 106−120
IRMOF-M6a 2.095 2.098 1.307 1.455 108−124
IRMOF-M6b 2.080 2.098 1.320 1.459 110−116
IRMOF-14 2.089 2.067 1.320 1.460 108
(1.990) (1.950) (1.250)
IRMOF-13 BCC 1.995 2.000 1.293 1.456 108
IRMOF-M7 2.060 2.085 1.316 1.451 109−113
IRMOF-M5 2.094 2.094 1.320 1.460 112−114
IRMOF-6 2.085 2.065 1.315 1.408 109
(1.949) (1.939) (1.275) (1.440)
IRMOF-10 2.088 2.074 1.319 1.460 107
(1.936) (1.928) (1.283) (1.444)
IRMOF-9 BCC 1.980 1.990 1.293 1.448 107
(1.923) (1.928) (1.267) (1.444)
IRMOF-16 2.093 2.065 1.310 1.480 108
(1.926) (1.935) (1.306) (1.45)
IRMOF-15 BCC 2.014 2.012 1.298 1.460 108
(1.926) (1.935) (1.306) (1.450)
IRMOF-18 2.084 2.074 1.312 1.480 110−111
(1.926) (1.941) (1.248) (1.483)
IRMOF-M8 2.075 2.086 1.319 1.460 108−114
IRMOF-M9 2.081 2.087 1.317 1.460 105−116
IRMOF-M10 2.081 2.078 1.310 1.494 109−112
IRMOF-M11 2.082 2.066 1.312 1.468 109
IRMOF-M13 2.099 2.076 1.312 1.496 109
IRMOF-M12a 2.062 2.216 1.313 1.490 114−129
IRMOF-M12b 2.105 2.184 1.314 1.489 115−122
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Theoretial and experimental investigations agree in the fat that the
O1−Zn bond length is a bit larger than that of O2−Zn in most of the ases.
This tendeny an be seen also for the hypothetial IRMOFs. Furthermore, it
an be notied that the O1−C1 distanes orrespond to values between those
for a typial single and double O−C bond (1.42 Å and 1.22 Å, respetively),
while C1−C2 bond lengths are lose to the typial single sp2−sp2 C−C bond
(∼1.46 Å).
We nd, however, that the orientation of organi and inorgani rings
[see Figure 4.5℄ hanges signiantly for different types of organi linkers,
going from an in-plane to a perpendiular orientation with twisted forms
in between. If the onnetor is not distorted, then the O1−C1−C2−C3
torsion angle is 180◦ (or 0◦) and the value of the O1−Zn−O1 angle is xed.
This is typial for group 1 of organi linkers (see Setion 4.1.1 for group
denition). For linkers from group 3 the zin-oxo arboxylato ring an be
slightly distorted. In this ase the O1−Zn−O1 angles vary in a small range
and both, organi and inorgani, rings an be either in-plane or orthogonal
to eah other. A wide range of values for the O1−Zn−O1 angle and the
twisted O1−C1−C2−C3 torsion angle is typial for a large distortion of the
inorgani part (group 2 and 4).
Thus, both rings are in the same plane when the linker is symmetri
and not extended into the inner spae of a MOF rystal, like in IRMOF-1,
IRMOF-8, IRMOF-14, IRMOF-M1b, et. In the ase of symmetri and fun-
tionalized linkers both rings are perpendiular to eah other (IRMOF-18).
Asymmetri and large symmetri linkers ause a distortion of the onnetor
and a large variation of the O1−Zn−O1 angle distribution, depending on the
size of the linker (IRMOF-M6a, IRMOF-M1a, IRMOF-M9, et.).
Moreover, if both rings are in the same plane, then the O1−Zn−O1 angle
is xed at ∼109◦ or is slightly distorted (∼109−113◦). The fats mentioned
above show that the distortions of a onnetor (aused by some linkers) may
lead to the lowering of the rystal symmetry. These systems an rystallize
in other than ubi strutures.
In ase of IRMOF-9/10 (group 1) the benzene rings of the biphenyl linker
might give different onformers. This may lead to a distortion of the inorgani
part. However, benzene rings in these systems an be staked, e.g. in the ase
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of IRMOF-13/14. Suh materials have not distorted onnetors, similar to
the group 1. A similar situation an be seen in the ase of IRMOF-15/16.
The alulated equilibrium lattie onstants (a) for all ompounds studied
here are given in Table 4.2. Experimental data exists only for some of the
IRMOFs. These are given as well. The alulated lattie parameters were
found to be in all ases slightly larger than those measured in the experiments.
The error for a is in the range of 2−4%. Table 4.2 inludes also the HOMO-
LUMO gaps, bulk moduli (B), mass densities (ρ) and energies of formation
(∆E) that will be disussed in the following setions. The mass densities of
IRMOFs, besides IRMOF-M0, are onsiderably smaller than 1 g m−3.
Table 4.2: The alulated equilibrium lattie parameters (a/2),
mass densities (ρ), band gaps (∆), bulk moduli (B), and the ener-
gies of formation (∆E), of several (OZn4)
6+-based IRMOFs with
different linkers. Experimental values are given in parenthesis. A
formation energy was alulated aording to the Reation (4.1).
(SC−simple ubi, BCC−body entered ubi, otherwise FCC lat-
ties).
Struture a/2 [Å℄ ρ [g m−3℄ ∆ [eV℄ B [GPa℄ ∆E [kJ mol−1℄
IRMOF-M0 9.152 1.182 4.17 24.3 −313.779
SC 9.157 1.172 5.56 22.3 −303.731
IRMOF-1 13.440 0.527 3.73 8.70 −309.506
(12.916)
SC 13.197 0.556 3.66 6.33 −294.140
BCC 13.213
IRMOF-7 13.343 0.643 2.77 3.70 −299.530
(12.914)
IRMOF-8 15.348 0.423 2.83 2.40 −299.768
(15.046)
IRMOF-993 13.463 0.728 2.16 3.60 −311.000
IRMOF-M1a 13.285 0.758 2.04 4.50 −291.361
IRMOF-M1b 17.761 0.317 2.13 3.20 −276.777
IRMOF-M4a 17.550 0.329 2.89 3.40 −296.877
IRMOF-M4b 15.318 0.495 2.67 1.50 −298.297
IRMOF-M2a 13.329 0.856 1.50 2.41 −295.186
IRMOF-M2b 13.279 0.865 1.56 6.90 −291.984
IRMOF-M2 19.974 0.254 1.61 2.00 −303.469
Continued
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Table 4.2 − Continued
Struture a/2 [Å℄ ρ [g m−3℄ ∆ [eV℄ B [GPa℄ ∆E [kJ mol−1℄
IRMOF-M3a 13.202 0.881 2.15 5.10 −287.275
IRMOF-M3b 19.767 0.262 2.39 2.60 −305.003
IRMOF-M3 15.283 0.568 2.22 3.00 −292.456
IRMOF-M3d 17.740 0.363 2.25 1.10 −263.769
IRMOF-M6a 15.370 0.522 2.11 1.70 −293.214
IRMOF-M6b 15.591 0.501 2.28 3.40 −301.428
IRMOF-14 17.693 0.342 2.63 5.90 −308.395
(17.190)
IRMOF-13 BCC 17.661 0.689 2.62 9.70 −254.333
IRMOF-M7 19.653 0.267 2.65 0.30 −300.142
IRMOF-M5 17.601 0.372 2.90 4.20 −297.322
IRMOF-6 13.516 0.570 3.35 12.41 −304.097
(12.921)
IRMOF-10 17.674 0.300 3.07 6.00 −306.048
(17.140)
IRMOF-9 BCC 17.486 0.620 3.15 9.80 −287.373
IRMOF-16 22.012 0.191 3.06 7.50 −283.098
(21.490)
IRMOF-15 BCC 22.024 0.382 2.94 7.90 −306.582
(21.459)
IRMOF-18 13.382 0.650 4.28 5.00 −338.050
(12.807)
IRMOF-M8 16.814 0.267 2.66 3.50 −297.809
IRMOF-M9 17.857 0.419 2.38 4.40 −297.644
IRMOF-M10 13.252 0.927 4.56 9.20 −314.160
IRMOF-M11 13.334 0.594 4.91 12.6 −313.601
IRMOF-M13 15.078 0.638 5.49 9.00 −309.196
IRMOF-M12a 18.717 0.781 1.32 −233.291
IRMOF-M12b 18.717 0.768 1.31 −289.234
4.1.3 Energeti and Mehanial Stability
To ompare the stability of the investigated MOFs, a formation energy
(∆E) has been estimated as the differene in total energies of the produts
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and reatants, aording to the following reation:
Zn4O(OH)6 + 3R(COOH)2 −→ Zn4OR3(COO)6 + 6H2O (4.1)
The alulated formation energies are shown in Table 4.2. All values are
negative, whih suggests that energetially a formation of these strutures is
favorable.
The most stable struture, onerning ∆E, is IRMOF-18 that ontains as
organi linker a benzene ring funtionalized by four methyl groups (2, 3, 5,
6-tetramethyl-benzene-1, 4-diarboxylate). These linkers are arranged in a
onformation, in whih the steri repulsion between both rings is minimized.
This suggests that the funtionalization of the linker is one of the fators that
an stabilize the system. Moreover, the results show that only for longer
linkers the BCC strutures are more stable than the orresponding FCC
strutures, due to steri hindrane eets. Also, it an be notied that dif-
ferent isomers of the same linker have similar energies of formation (e.g.
IRMOF-M4a and -M4b). Generally, the formation energy depends strongly
on the size and the shape of the organi linker.
The mehanial properties were also estimated and the results are given
in Table 4.2, as well. The strutures are held together by strong Zn−O1−C
bonds. The linkage between the Zn4O2 group and the organi moieties
results in rather soft materials with relatively small bulk moduli, as om-
pared to ubi diamond (theory:83 441−457 GPa, exp.:132 443 GPa) and
the wurtzite struture of zin oxide (theory:133 160 GPa, exp.:134 183 GPa).
The alulated values of B indiate that IRMOFs are easily ompressible
systems. Sine the inorgani basi system ZnO has a muh larger bulk mod-
ulus, the lowering of B in the MOFs is aused by the introdution of the
linker moleules. The most rigid system is therefore the referene system
IRMOF-M0. It an also be shown that the bulk moduli depend signiantly
on the length of the linker. A longer linker gives a mehanially less resistant
system. The largest values of B belong to IRMOFs with hypothetial link-
ers based on the age-like strutures. Also, the results show that the BCC
strutures are more sti than the orresponding FCC systems.
Furthermore, the organi linkers an rotate freely in the solid MOF at am-
bient onditions. The alulated energy barrier of a linker rotation (∆Erot)
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in IRMOF-1 along the onnetion axis is ∼0.35 eV. Thus, the rotation of
the linker an be thermally ativated, whih has been observed also in MD
simulations. The nearly free rotation of the linker was observed in these sim-
ulations already at room temperature. The simulations at 1200 K indiate,
moreover, a good thermal stability of the investigated MOFs.
4.1.4 Eletroni Properties
Charge distribution
In this setion, the harge distributions of the studied MOFs are analyzed.
The results of extended rystals were ompared to those of the free building
bloks. The alulated Mulliken atomi harges (q) of the MOF systems
are summarized in Table 4.3. These results show that the studied metal-
organi frameworks with different organi linkers have in all ases an almost
unhanged harge distribution. Moreover, the solid strutures keep nearly
the same harges as the free linkers and onnetor.
Table 4.3: The alulated atomi harges (q [e℄) of the linker and the on-
netor atoms of seleted MOFs. C(−H) indiates the arbon atoms of the
linker that are saturated by H atoms. C(−CH) denotes the arbon atoms
of the linker that are onneted to C(−H) arbon atoms [as an example see
arbon C4 in Figure 4.5 (b)℄.
Struture C(−H) C2 C(−CH) Zn O1 O2 C1
IRMOF-M0 0.92 −0.70 −0.88 0.92
IRMOF-1 −0.08 0.01 0.93 −0.73 −0.88 0.92
IRMOF-7 −0.12, −0.07 ∼0.0 0.04 0.92 −0.75 −0.90 0.92
IRMOF-8 −0.10, −0.07 −0.01 0.04 0.92 −0.75 −0.93 0.92
IRMOF-993 −0.11 −0.01 0.04 0.91 −0.72 −0.88 0.93
IRMOF-M1a −0.12, −0.07 ∼0.0 0.04 0.94 −0.75 −0.94 0.92
IRMOF-M1b −0.11, −0.06 −0.03 0.04 0.92 −0.74 −0.93 0.92
IRMOF-M2 −0.11, −0.06 −0.02 0.03 0.92 −0.74 −0.96 0.92
IRMOF-18 −0.05 0.92 −0.72 −0.91 0.95
IRMOF-M8 −0.10, −0.05 −0.02 0.04 0.93 −0.77 −0.91 0.92
IRMOF-M9 −0.12, −0.08 −0.03 0.03 0.92 −0.75 −0.97 0.92
IRMOF-M11 −0.11, −0.08 −0.01 0.91 −0.72 −0.88 0.93
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The Zn atoms are positively harged (q = +0.92). This value is in between
q = +1.09 and q = +0.82, whih orrespond to harges of the Zn atom
in the free onnetor [Figure 4.7℄ and the bulk ZnO (wurtzite) struture,
respetively. The oxygen atoms O1 and O2 are both negatively harged with
q = −0.70 . . . − 0.77 and q = −0.88 . . . − 0.97, respetively. In the free
onnetor, the O1 and O2 atoms are harged with q = −0.92 and q = −1.26,
respetively. Both values are larger by ≈0.25 than the orresponding harges
in the MOF rystal. On the other hand, the harge of −0.82 for the oxygen
atoms in bulk ZnO is slightly smaller than that for the equivalent O2 atom
in the MOFs. In the free linker [diarboxylate linker; Figure 4.7℄ one an
distinguish between the O1 atoms onneted to the C1 atoms with a double
bond and the O1 atoms of the hydroxyl group. The harge of O1 in the
rst ase is −1.02 and in the other one −0.35. Thus, the harge of the O1
atom in the MOF rystal is averaged over the orresponding harges in the
free linker. The C1 atoms, whih bind the linker and the onnetor together,
are positively harged with q = +0.92 and this value does not hange for
strutures with different linkers. Carbon atoms bound to hydrogen atoms
(C(−H)) are slightly negatively harged (q = −0.11 and q = −0.07). C2
atoms have harges lose to zero in all ases. Generally, the arbon atoms in
the free linker and the MOF rystal have the same harge distribution.
(a) (b)
Figure 4.7: The strutures of the free building bloks: (a) the example linker
for IRMOF-M7 and (b) the onnetor.
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Densities of States
The partial and total densities of states (PDOS' and TDOS') of MOF
systems studied in this work were ompared to PDOS' of the free linkers
and the free onnetor. The arbon PDOS of the free building bloks nearly
does not hange ompared to the MOF rystals. On the other hand, the
oxygen PDOS differs in both ases. In an extended MOF there is one type
of O1, whereas in the free linker there are two types (f. Setion 'Charge
Distribution'). The PDOS of the zin atoms in the free onnetor is very
similar to those of the bulk ZnO wurtzite and an extended MOF. This an
be expeted, as the inorgani part in IRMOFs mimis a fragment of the bulk
ZnO wurtzite [see Figure 4.8℄. The overall eletroni properties of IRMOFs
are basially haraterized by the properties of (Zn1)4(O2) lusters that bring
to the systems the harater of a wide band gap semiondutor. This an be
understood, sine bulk ZnO wurtzite is a semiondutor with a band gap of
3.37 eV. On the other hand, the organi linkers (espeially PAHs) redue the
gap size.
IRMOF-M0 was hosen as a referene system to analyze the differenes
in the eletroni properties for different organi linkers in MOFs. The PDOS
of IRMOF-M0 (for different states of a given atom) shows that the valene
band is omposed of the Zn 3d states, the O 2p and the C 2p states. The
unoupied band is determined by s and p states of the Zn atoms, and the
p states of the O and C atoms. Similar eletroni properties are found for
IRMOF-1 [Figure 4.9℄, whih is also in agreement with the results of the
earlier work of Fuentes-Cabrera et al.125
Figures 4.10 and 4.11 show the PDOS' of MOFs with differently sized
polyyli hydroarbon moleules. These are ompared with the PDOS of
the referene system and IRMOF-M11 (ubane-based linker). The values of
the band gaps for different linkers are summarized in Table 4.2. MOFs have
band gaps in the range of 1.0/-5.5 eV. That means they ross the borderline
between insulating and semionduting materials. A size dependene of the
band gaps for different linkers was found. Smaller values are observed for
linkers with larger numbers of arbon atoms. Band gaps are determined by
the π states and the number of sp2 C atoms. It an be seen from Figure 4.10
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Figure 4.8: (a) The partial densities of states of the bulk ZnO wurtzite and
the free IRMOF-1 onnetor. For larity only Zn and O2 states of IRMOF-1
[Figure 4.3℄ are shown. The Fermi level is shifted to 0.0 eV (vertial dashed
line). (b) The fragment of the bulk ZnO wurtzite with a highlighted fragment
of the onnetor. Note the different salings on the y axes.
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Figure 4.10: The partial densities of states of C atoms in the example
strutures and IRMOF-M0. The Fermi level is shifted to 0.0 eV (vertial
dashed line). For numbering of the atoms see Figure 4.5.
that the band gaps derease with inreasing number of sp2 arbons in the
linker. The top of the valene band and the bottom of the ondution band
are both dominated by the π states of these atoms. Systems with age-like
linkers (e.g. IRMOF-M11 or IRMOF-M13) and IRMOF-M0 have large band
gaps due to the lak of the sp2 C atoms.
In all ases, adding the organi linker auses a shift of the O1 p states
ompared to the referene system [Figure 4.11℄. The peak is shifted to lower
energies relative to Fermi level (EF). On the other hand, the entral O2
atom in the onnetor has an unhanged density of states for different linkers.
These differenes in the eletroni strutures of O1 and O2 might be explained
by the fat that the O1 atom is involved in an sp2-like bonding with atom C1,
whereas O2 is sp3 hybridized and onneted to four surrounding Zn atoms.
The peaks of the Zn 3d states are also shifted to lower energies relative to
EF [Figure 4.11℄.
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4.2 A Cu-Based Metal-Organi Framework
By exhanging the metal atom in the onnetor topologially distint
rystal strutures may be obtained. This setion is foused on the prop-
erties of a MOF material whih ontains opper atoms in the onnetor,
Cu3(BTC)2(H2O)3 (BTC: benzene-1,3,5-triarboxylate; in the remainder Cu-
BTC will be used). The struture and SEM image of Cu-BTC are shown in
Figure 4.1 (b). The onnetor ontains a Cu-Cu dimer. Eah metal atom
ompletes its pseudootahedral oordination sphere with four oxygen atoms
in a square plane and one Cu atom and an axial aqua ligand on the tops of
the otahedron.
At rst, this rystal was desribed by Chui et al.115 The synthesis of this
material was then further improved by others.33 Reently, several groups
investigated a potential use of Cu-BTC for gas puriation, separation and
storage,124,135 due to the possibility of forming 'open' metal sites.
All the alulations presented in this setion were performed similarly to
those of the Zn-based MOFs, as it is desribed in Setion 4.1.1.
4.2.1 Struture
Although Cu-BTC forms a ubi lattie, the arhiteture is signiantly
different from those of Zn-based MOFs presented in Setion 4.1. In Fig-
ure 4.12 the struture of Cu-BTC is shown together with its building blok.
This material has a bimodal pore size distribution.136 A rst larger pore
system [Figure 4.12 (a)℄ is built up from 12 Cu2(COO)4 moieties, so-alled
paddle-wheel units [see Figure 4.12 (b)℄, forming a ubotahedron. Four
arboxylate groups of the paddle-wheel are arranged in a square. One of
the opper oordinating water moleules points towards the enter of the
pore. Experimental investigations emphasize that water moleules bound
with Cu2+ ions an be easily removed in vauum. This might reate 'open'
opper sites for atalyti transformations.33 A seond pore system [Fig-
ure 4.12 (a)℄, aessible from the larger pores, is built up from four benzene
rings that form the inner surfae. The enters of the rings form a tetrahe-
dron with triangular windows of three opper ions. A view along the [100℄
diretion of the ubi ell of Cu-BTC in Figure 4.12 (a) reveals hannels with
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Figure 4.12: (a) The struture of Cu3(BTC)2(H2O)3 (Cu-BTC) viewed
along the [100℄ diretion: blue and red irles indiate larger (square-shaped)
and smaller (triangular-shaped) pore systems, respetively. (b) The building
blok of Cu-BTC, so-alled Cu2-paddle-wheel. () Cu-BTC viewed along the
[111℄ diretion reveals a hexagonal-shaped (blue) window at the intersetion
of the nanopores. For larity H atoms of ligand water moleules are omitted.
Blue, red, white and green represent Cu, O, H and C atoms, respetively.
four-fold symmetry. On the other hand, a view along the ell body diagonal
[111℄, shown in Figure 4.12 (), reveals a honey-omb arrangement of large
hexagonal-shaped windows at the intersetions of both types of pore systems.
The optimized geometry of the Cu-BTC system agrees well with the re-
ported experimental ndings (see Table 4.4). In detail, the vertial and
diagonal Cu−Cu distanes of the fourfold symmetry hannels are 16.43 Å
and 11.65 Å, respetively. This is in very good agreement with reported ex-
perimental values of 16.0 Å and 11.3 Å.33 The same geometry was obtained
for the oxygen atoms of the water moleules but the orresponding O−O
distanes aross the pore are 12.3 Å and 8.75 Å (exp.: 11.67 Å and 8.25 Å),
respetively. The diameter of the hexagonal-shaped windows is 18.85 Å,
while the interseting 3D system of the large square-shaped pores is 9.65 Å
by 9.65 Å. The smaller triangular window is indiated by three opper ions
8.22 Å apart from eah other.
The agreement between alulated and experimental Cu−O distanes is
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Table 4.4: The seleted alulated and experimental bond lengths [Å℄, unit
ell parameters (a [Å℄), and the pore sizes [Å℄ of Cu-BTC struture. The
mass densities (ρ [g m−3℄) and the bulk moduli (B [GPa℄) are given, as
well.
property theory theory (no H2O) experiment
a 26.661 26.748 26.343
Cu−Cu 2.415 2.467 2.628
Cu−O(CO) 2.020 2.017 1.952
Cu−O(H2O) 2.065 2.165
(O)C−C(C) 1.450 1.450 1.500
O−C 1.334 1.347 1.252
Cu−Cudiag 16.43 16.45 16.0
Cu−Cuvertic 11.65 11.63 11.3
(H2O)O−Odiag 12.30 11.67
(H2O)O−Overtic 8.75 8.25
Cu−Cutriangle 8.22 8.17 8.0
hexagonaldiameter 18.85 19.07 18.6
squarevertic 9.65 9.65 9.5
ρ 0.92 0.84 0.96
B 18.8
good (∆R ∼2−4 %). However, the Cu−Cu distane is somewhat smaller
than the experimental ndings. The Cu−O bond length with the oxygen
atom from the arboxylate groups is shorter than that with the oxygen atoms
from the water moleules, indiating that the latter is only weakly bound to
the opper ions. The O−C distanes (1.33 Å) orrespond to values between
that for the typial single (1.42 Å) and double (1.22 Å) oxygen-arbon bond.
The alulated Cring−Ccarboxyl bond lengths of 1.45 Å indiate that these are
typial single sp2−sp2 C−C bonds (∼1.46 Å), while experimental ndings
give a slightly longer value (1.5 Å). The results obtained for the Cu-BTC
struture, in whih the ligand water moleules were removed, are about the
same or slightly larger (∼1 %) than those for the system with water oordi-
nated to the opper atoms (see Table 4.4).
As it was shown by theoretial investigations,22 the optimum pore size for
hydrogen adsorption in slit-pore materials should be around 7 Å. In onlu-
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sion, the geometry of the Cu-BTC struture, namely the smaller triangular
windows with the edges of around 8 Å, makes the material a good andidate
for hydrogen storage. These smaller pores should be aessible for adsorbates
as small as H2 moleules and should favor an eetive paking of the gas due
to the presene of the benzene rings. Moreover, this material has a very low
mass density of only 0.92 g m−3, whih drops down to only 0.84 g m−3
when the rystal is water-free.
The Cu-BTC struture free of the water ligands has a bulk modulus of
18.8 GPa, whih makes it a rather soft material. On the other hand, this
number is higher than these of the Zn-based MOFs. Although Cu-BTC is
energetially stable, the alulated value of B still indiates that it is an easily
ompressible system. This might aet the struture during (un)loading of
gas under high pressure.
For hydrogen storage appliations more attrative is the material with-
out oordinated water moleules, thus in the following only this strture is
disussed.
4.2.2 Eletroni Properties
The eletroni properties were studied by analyzing the harge distribu-
tion and the density of states, similarly to the Zn-based MOFs. The alu-
lated atomi Mulliken harges of Cu-BTC are as follows: The opper atoms
are positively harged (q = +1.75). The oxygen atoms of the arboxyl groups
(O1 in notation adopted from the Zn-based MOFs) are negatively harged
with q = −0.68 . . .− 0.90. The arbon atoms of the arboxyl groups (C1) in
the organi linkers are positively harged with q = +0.70, while other arbon
atoms have harges lose to zero.
The density of states of Cu-BTC was ompared with that of Tenorite,
as the inorgani onnetor is similar to a part of this CuO rystal [see Fig-
ure 4.13℄. Tenorite with a band gap of approximately 2.0 eV (experimental
value) is onsidered as a diret-gap semiondutor.137139 Theoretial al-
ulations of its band struture show that the system has a harater of a
semiondutor-like struture with a diret gap of 1.6 eV at the Γ point.140
There is a Fermi surfae present with the top of valene band (VB) 0.95 eV
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Figure 4.13: (a) The partial densities of states of Cu-BTC and Tenorite.
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larity only the states of the Cu and O atoms in Cu-BTC are shown.
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Figure 4.14: (a) The partial densities of states for C, O and Cu atoms in
Cu-BTC. (b) The PDOS of s, p and d states for eah element are shown.
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above the Fermi level (EF) and the bottom of ondution band (CB) 2.55 eV
above EF. This also an be seen in the DOS of Tenorite [see Figure 4.13 (a)℄.
The partial density of states of Cu-BTC differs, however, signiantly from
that of Teronite. The band gap is shifted to be entered at EF. The results
reveal that Cu-BTC with the band gap of 0.96 eV (1.35 eV for struture
with oordinated water) is a semionduting material. However, this value
is smaller than those of the Zn-based MOFs.
Partial densities of states of eah element in Cu-BTC are shown in Fig-
ure 4.14. Copper and oxygen atoms bring to the struture the harater of
a semiondutor (similarly to Tenorite), while the 2p states of the arbon
atoms derease the band gap. In the VB and CB the states are dominated
by the 3d states of opper and the 2p states of the C and O atoms. Ob-
viously, the introdution of organi linkers in Cu-BTC signiantly hanges
the DOS ompared to Tenorite.
4.3 Interations between H2 andMetal-Organi
Frameworks
Metal-organi frameworks have been intensively studied both experimen-
tally and theoretially as hydrogen storage media over the past few years.
The rst reported omputations on the gas adsorption in MOFs were per-
formed by Kawakami et al.141 They have studied adsorption of N2, CO2,
Ar, H2 and O2 in IRMOF-1 using ab initio methods and Monte Carlo (MC)
simulations. The predited amounts of adsorbed gas were, however, signi-
antly higher (1.7 to 3 times) than the experimental ndings.142 The authors
attributed these differenes to defets in the experimental materials.
Sine this time a large number of theoretial works on gas adsorption
in MOFs has appeared in the literature. Three main groups of simulations
have to be mentioned: Monte Carlo, in partiular Grand Canonial MC
(GCMC), density-funtional theory (DFT) based methods, and post-Hartree-
Fok (HF) methods, like e.g. MP2 (seond order Møller-Plesset) perturbation
theory, CCSD (oupled luster restrited to single and double exitations),
CI (onguration interation), et.
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It has been shown experimentally that some MOFs show indeed large hy-
drogen storage apaities:36,118,120,143 4.5 wt% (78 K and 0.7 bar) in IRMOF-
1, 2.0 wt% (298 K and 10 bar) in IRMOF-8 or 7.5 wt% (77 K and 70 bar)
in MOF-177. It is, however, unlear whih mehanism is responsible for
this property. The fundamental interations underlying the H2 adsorption
in metal-organi frameworks have to be well understood in order to tune
the storage apaity of these materials. So far, it is not lear whih in-
teration (London dispersion or eletrostatis) is mainly responsible for the
H2 physisorption in MOFs. Experiments emphasize that the strongest H2
adsorption sites are lose to the metal oxide onnetors.144,145 This is in-
terpreted in suh a way that metal ations form M−O (M = Zn, Cu, Mg,
et.) dipoles, whose harges are most eetive in polarizing the gas moleules
leading to strong interations.37
However, the adsorption mehanism and even the adsorption energy are
matter of disussion. In agreement, theory and experiment have identied
the low-energy adsorption sites,145 but there is no agreement in quantia-
tion of the guest-host interation potential. As this potential an not be
aessed in the experiment, it is important to employ theoretial alula-
tions. But also the theoretial determination is not straight-forward: A good
model for the H2-MOF system an be proposed, but the energies are alu-
lated with DFT,145147 whih is feasible to eort large systems but fails to
orretly desribe London dispersion interations.148,149 On the other hand,
the MOF struture an be redued to independent model lusters (onne-
tors and linkers) and the guest-host interation an then be alulated at
a higher omputational level (e.g. MP2) with a orret treatment of the
London dispersion.150155 However, with this seond approah ontroversial
results have been obtained: In onsensus, the interation energy of H2 with
organi linkers is pure London dispersion and has been determined146,150,154
to be 3.5−5 kJ mol−1, but values reported for the interation energy of H2
with the zin oxide onnetor of IRMOF-1 vary muh stronger,150,151 be-
tween 2 and 7 kJ mol−1. More important, different origins of the interation
have been suggested, namely dipole-indued dipole interations155 and weak
London dispersion.151
In order to determine the H2-MOF potential energy surfae in future,
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a better qualitative understanding of the fundamental non-bonding intera-
tions between H2 and MOFs (London dispersion and indued eletrostati
eets) is needed. Furthermore, the disrepanies found in the literature
should be resolved. Below, a wide range of detailed high-level alulations is
overed, in order to determine an aurate treatment of weakly bound H2 in
MOFs.156,157 The results allow a more detailed understanding of the H2-MOF
interations and an possibly suggest better strategies to optimize MOFs with
higher H2 storage apaities. The most widely investigated IRMOF-1 was
hosen as a benhmark system.
4.3.1 Model Strutures and Validity of Methods
The aurate alulation of the H2 interations with MOF strutures
requires the representation of the extended system [Figure 4.15 (a)℄ with
smaller model strutures. The models studied in this work for the IRMOF-1
are shown in Figure 4.15 (b)−(). The Zn4O(HCO2)6 luster [Figure 4.15
(b)℄ was used to model the onnetor and C6H4(COOH)2 [benzene-1,4-diar-
boxylate, Figure 4.15 ()℄ for the linker. The onnetor an be viewed as
tetrahedral arrangement of Zn atoms around the entral O atom and four
distorted tetrahedral of ZnO4 moieties. The high-symmetry adsorption sites,
proposed from neutron sattering experiments,144,145 are also indiated in
Figure 4.15 (a). In the remainder of this setion, α and β will denote sites
at the onnetor and δ and ε will denote sites at the linker. The α site lies
on a triangular fae of the otahedron. Its vertis are dened by the arbon
atoms of the arboxylate groups. The β site is above a fae of the ZnO2(O1)3
tetrahedron. The δ site lies on the top of the benzene ring, and nally the
ε site is at the edge of the ring. The onsidered H2 orientations on eah
adsorption site and the model nomenlature used in the text are shown in
Figure 4.16.
A major task of this setion is to attribute the interation energy between
H2 and the MOFs to London dispersion and to eletrostati interations. It
is well known that London dispersion, whih gives an important ontribution
to the physisorption energy of weakly bound systems, is a orrelation phe-
nomenon, and therefore not inluded in the HF method. HF does aount,
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Figure 4.15: (a) The onsidered adsorption sites within the IRMOF-1 unit
ell and the used model systems: (b) the onnetor Zn4O(HCO2)6, () the
linker C6H4(COOH)2, and (d) the alternative onnetor model ZnO4H6. The
numbering of the atoms used in the text is shown, as well.
however, orretly for eletrostati interations (harge-dipole, dipole-dipole,
dipole-indued dipole) and Pauli repulsion. The long-range interation is
also poorly desribed in the presently available exhange-orrelation fun-
tionals in DFT.149 Nevertheless, a large number of DFT alulations of the
H2-MOF interations has been performed,
145147,158163 using the full MOF
unit ell. Storage apaities need to aount for the mobility of H2, whih
is beyond the appliability of DFT. DFT is, however, apable to predit the
low-energy adsorption sites. The results (see Tables 4.5 and 4.6) show that
for the gradient-orreted hybrid funtional PBE0164 the distanes between
the moleular enters are lose to the equilibrium, whereas the interation
energies are far from the orret values. The long-range interation is, how-
ever, orretly inluded in the post-Hartree-Fok methods that properly treat
orrelation eets. MP2 is a method whih is feasible to treat the systems
disussed in this setion, also with larger basis sets, and still providing suf-
ient auray. As it will be shown below, a high auray an only be
ahieved if the interation energies are orreted for basis set superposition
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Figure 4.16: Model strutures and onsidered H2 orientations: I−III and
VIII−X for the linker, IV−VII for the larger onnetor and BI−BII for
the benhmark onnetor.
errors (BSSE):165
∆EBSSEint = EAB (AB) − [EA (AB) + EB (AB)] (4.2)
where ∆EBSSEint is the BSSE orreted interation energy, the dimer AB is
omposed of the monomer A (H2 moleule) and the monomer B (onnetor
or linker), the used basis set is indiated in parentheses and Ei (i = A,B,AB)
denotes the energies of eah omponent.
The model strutures have been optimized at the B3LYP/6-31G(d) level
using the Gaussian03166169 ode. The fragments have been kept xed for
the alulations of interation energies between H2 and the models of the
IRMOF-1. Various high-level alulations available in the literature22,49,51
agree that MP2 theory with moderately large basis sets an desribe the weak
interations between a hydrogen moleule and systems similar to the nonpolar
linker with suient auray. The top and bottom panel in Figures 4.17
(a) demonstrate that these ndings apply also for MOF linkers (see also
Table 4.5). They an be treated with good auray at the MP2/-pvTZ
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Table 4.5: Calulated interation energies at the MP2 and DFT level, and
equilibrium distanes between the moleular enters of the H2 moleule and
the linker on the δ site.
Method/Basis Set ∆Eint [kJ mol
−1℄ d [Å℄ ∆EBSSEint [kJ mol
−1℄ d [Å℄
Model I
PBE/-pvTZ 1.30 3.4 1.14 3.45
SVWN5/-pvTZ 8.40 2.8 8.02 2.8
MP2/-pvDZ 3.50 3.2 1.70 3.4
MP2/-pvTZ 4.61 3.1 3.44 3.2
Model II
PBE/-pvTZ 0.79 3.45 0.68 3.45
SVWN5/-pvTZ 7.68 2.7 7.32 2.7
MP2/-pvDZ 1.76 3.2 0.65 3.5
MP2/-pvTZ 3.46 3.0 2.64 3.1
Model III
PBE/-pvTZ 0.98 3.4 0.83 3.4
MP2/-pvDZ 1.94 3.2 0.73 3.4
MP2/-pvTZ 3.73 3.0 2.87 3.1
level with the BSSE orretion.
The interation of H2 with metal oxides is, however, less preisely inves-
tigated in the literature. The onnetor model, shown in Figure 4.15 (b),
has too many eletrons for a high-level alulation. Therefore, a smaller
model, ZnO4H6 [Figure 4.15 (d)℄, has been hosen to benhmark the level
of theory. This model an desribe the physisorption of H2, only at the β
adsorption site. The basis set dependeny of the MP2 results of the H2 inter-
ation with the ZnO4H6 model [Figure 4.16 BI℄ is shown in Figures 4.17 (top)
(b)−(). The orresponding results for other H2 orientation [Figure 4.16 BII℄
are presented in Figures 4.17 (bottom) (b)−(). The fast onvergene of the
BSSE-orreted interation energies to a maximum value of 2.5 kJ mol−1 and
4.2 kJ mol−1 has been obtained, for the model BI and BII, respetively. On
the other hand, the BSSE-unorreted numbers strongly overestimate the
interation energies, with values whih an be as large as 10 kJ mol−1. It is
well known that ombined large and moderate basis sets an give meaningless
results. The long-range polarization and diuse funtions inrease the basis
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Table 4.6: Calulated interation energies at the MP2 and DFT level, and
equilibrium distanes between the H2 moleular enter and the Zn atom of
the ZnO4H6 onnetor on the β site.
Method ∆Eint d ∆E
BSSE
int d
Basis Set [kJ mol−1℄ [Å℄ [kJ mol−1℄ [Å℄
Model BI
PBE/-pvTZ/6-31+G(2d,p) 3.74 3.8 2.25 4.0
SVWN5/-pvTZ/6-31+G(2d,p) 10.60 2.9 7.31 3.0
B3LYP/-pvTZ/6-31+G(2d,p) 2.54 4.2 1.26 4.7
-pvDZ-PP 4.29 3.1 2.19 4.1
-pvTZ-PP 6.25 3.1 2.35 4.0
-pvQZ-PP 5.32 3.1 2.46 3.9
aug--pvDZ-PP 7.35 3.4 2.26 4.0
aug--pvDZ/6-31+G(2d,p) 4.37 3.7 2.23 4.0
aug--pvTZ-PP 5.11 3.6 2.45 3.9
aug--pvTZ/6-31+G(2d,p) 7.33 3.2 2.40 3.9
aug--pvQZ/6-31+G(2d,p) 8.95 3.2 2.46 3.9
Model BII
PBE/-pvTZ/6-31+G(2d,p) 5.52 2.9 2.22 3.0
SVWN5/-pvTZ/6-31+G(2d,p) 24.98 2.3 19.07 2.3
B3LYP/-pvTZ/6-31+G(2d,p) 2.86 3.2 −0.30 3.4
-pvDZ-PP 8.02 2.8 0.22 3.6
-pvTZ-PP 7.87 2.8 2.32 3.1
aug--pvDZ-PP 10.14 2.8 2.85 3.1
aug--pvDZ/6-31+G(2d,p) 6.76 2.9 2.92 3.1
aug--pvTZ-PP 5.99 2.8 3.95 2.9
aug--pvTZ/6-31+G(2d,p) 8.65 2.7 3.85 3.0
aug--pvQZ-PP 5.57 2.8 4.33 2.9
aug--pvQZ/6-31+G(2d,p) 10.77 2.6 4.17 2.9
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set on the host to aommodate its eletrons and result in a signiantly
lowered energy for the H2-host system. Systemati investigations on the ba-
sis set size showed that for the aug--pvTZ basis set170 for C, O and H and
the aug--pVTZ-PP for Zn the BSSE-orreted interation energies are in
lose agreement with the onverged results (see Table 4.6), underestimated
by only 0.2 kJ mol−1.
To study the H2 interation with the desribed onnetor model [Fig-
ure 4.15 (b)℄ this level of theory is still too expensive. Therefore, the basis
set for atoms far from the interation site has been redued to 6-31+G(2d,p)
or even to 6-31G(d) bases. However, it is neessary to keep the large basis
on H2 and its losest neighbors to allow a high-level desription of the weak
interation between the two moieties and to aount for its polarizability
and polarization. While the BSSE-unorreted results are meaningless for
weakly bound systems, the BSSE-orreted results are lose to those of on-
verged MP2 alulations with balaned basis sets (see Table 4.6). Therefore,
this omputational strategy an be safely adopted in the remainder of this
setion.
Considering the eletrostati eets, the strongest polarization of H2 has
been expeted, if the hydrogen moleule lies on the axis of the entral Zn−O
bond of the onnetor [see Figure 4.16 BI℄. Figure 4.17 (d) of the top panel
shows the H2-onnetor interations for BI at the basis set onverged HF
level of theory. Assuming that the total interation (resulting from MP2) is
only London dispersion and eletrostati interations, the HF results should
aount for the latter one, as London dispersion is not inluded here. Indeed,
with this assumption the eletrostatis aount for about 50% of the total
interation energy in this orientation. This large amount is, however, an ar-
tifat of the small benhmark model: the total interation is weak (around
2.5 kJ mol−1) and the system has a relatively high dipole moment due to
the inuene of the terminal hydroxyl groups. Results for the perpendiular
orientation [see Figure 4.16 BII℄ indiate no eletrostati interation, as the
interation energy at the HF level of alulations is negligible [Figure 4.17
(d) of the bottom panel℄. It is worth to point out, that the total intera-
tion energy (MP2 results) is stronger for BII than for BI, even though it is
based almost exlusively on London dispersion. The overestimated intera-
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Figure 4.17: The potential energy urves of H2 on (a) the linker and (b-)
the onnetor; top panels: model I and BI [see Figure 4.16℄; bottom panels:
models II, III and BII at MP2 (a-) and HF (d) levels. Solid lines give
the relative energy of the adsorbed with respet to the dissoiated systems.
Dashed lines denote those results orreted for BSSE. Basis sets are given
in the plots, () shows results where small basis sets (6-31+G(2d,p)) have
been employed at positions far from the adsorption site (see text). Note the
different salings of the y axes.
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tion energy (HF level) without ounterpoise orretions (independent of the
H2 orientation) is rather an artifat of the nite basis set and not related to
any physial interation.
The benhmark alulations show that the H2-onnetor interation en-
ergy an be alulated orretly at the MP2 level with aug--pvTZ basis sets
at the H2 moleule and its losest neighbors, and a small basis (6-31G(d)) for
the remaining luster. However, the BSSE orretions have to be inluded.
The interation between the hydrogen moleule and the linker an be treated
aurately already at the MP2/-pvTZ level inluding the ounterpoise or-
retion. Smaller basis sets are not appropriate for this lass of weakly bound
systems beause the underestimate the strength of the interations and over-
estimate the equilibrium distanes (see Tables 4.5 and 4.6). The differene
between MP2 and HF interation energies an be attributed to London dis-
persion interations. In the following the individual high-symmetry H2 ad-
sorption sites of IRMOF-1 are disussed using the Zn4O(HCO2)6 model sys-
tem.
4.3.2 H2 Interation with Building Bloks
The interation of H2 with various adsorption site models of IRMOF-1 [I
to X in Figure 4.16℄ are shown in Figure 4.18 as a funtion of the H2-host
distanes. For the δ adsorption site [Figure 4.16 I℄, where H2 points to the
ring enter of the linker in perpendiular orientation, the highest interation
energy of 3.44 kJ mol−1 [Figure 4.18 (a)℄ is very similar to that of H2 with
benzene (3.78 kJ mol−1).51 The equilibrium distane between the moleular
enters of H2 and the ring is 3.2 Å. This result is lose to that of Buda
et al.154 (3.18 kJ mol−1 RI-MP2/-pvTZ). When H2 is oriented parallel
to the ring (models II and III), the interation is 1 kJ mol−1 weaker, but
the equilibrium distane is about the same. Both parallel orientations are
energetially equivalent to eah other. The presene of hydroxyl groups does
not signiantly hange the strength of physisorption. No attration at the
HF level [Figure 4.18 ()℄ is found for the δ site and so this interation is
attributed exlusively to London dispersion.
Moreover, there is an alternative organi linker site [Figure 4.16VIII−X℄,
96 4.3. Interations between H2 and Metal-Organi Frameworks
3 4 5 6
RR-H2
 / Å
-5
-4
-3
-2
-1
0
1
E
 in
t /
 k
J 
m
ol
-1
a
3 4 5
RIA-H2
 / Å
b
3 4 5 6
RR/IA-H2
 / Å
-5
-4
-3
-2
-1
0
1
c
I
II
III
VI
VII
IV
I
IV
VII
VI
V
V
MP2 MP2 HFconnectorlinker
VIII
IX
X
Figure 4.18: The interation of H2 with the IRMOF-1 (a) linker and (b)
onnetor as funtion of the H2-host distane. In () the eletrostati on-
tribution to the interation from HF alulations is shown. Model strutures
and adsorption sites are given in Figure 4.16.
the so-alled ε site. Here the interation energy (1.4 kJ mol−1) is signiantly
lower than at the orresponding δ site (see Table 4.7). This result is in
good agreement with the results of Buda et al.,154 who found the interation
energy on the ε site of 1.26 kJ mol−1. However, as many of these sites are
present in IRMOF-1 and London dispersion interations are additive, they
probably ontribute also to the high H2 adsorption apaities reported in
the experiment.40,120,131 The distanes between the moleular enters for this
adsorption site are about 1.5 Å longer than those for the δ site. Both parallel
orientations are not equivalent [see Figure 4.18 (a)℄ and the interation with
H2 is very weak: 1.16 and 0.63 kJ mol
−1.
For the onnetor model [Figure 4.15 (b)℄ the interation mehanism is
different [Figure 4.18 (b)℄. Although in the adsorption β site, models VI
and VII [Figure 4.16℄, the Zn atom is well exposed to the H2 moleule, the
lak of other atoms surrounding the H2 prevents larger dispersion energy
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Table 4.7: Interation energies alulated at the MP2/-pVTZ level and
equilibrium distanes between the moleular enters of the H2 moleule and
the linker on the ε site.
Model ∆Eint [kJ mol
−1℄ d [Å℄ ∆EBSSEint [kJ mol
−1℄ d [Å℄
VIII 1.70 4.7 1.36 4.7
IX 1.43 4.8 1.16 4.8
X 1.00 4.9 0.63 5.0
ontributions to the binding energy. The strongest interation is found when
H2 is perpendiular to the entral Zn−O bond (model VI). The equilibrium
distane between the enter of H2 and the losest interation atom (Zn atom)
is 3.1 Å and the interation energy is 3.1 kJ mol−1 (see Table 4.8), whih is
0.3 kJ mol−1 less than for the H2-linker interation. Bordiga et al.
151 found,
however, the interation energy smaller by 1 kJ mol−1 than our ndings,
while their reported equilibrium distane is about the same (3.18 Å). An
even smaller interation energy (1.34 kJ mol−1) was found for this site and
the same model by Klontzas et al.155 at the IR-MP2/TZVPP level. As the
interation is independent (see Table 4.9) on the azimuthal orientation of H2
to the Zn−O axis, only one perpendiular orientation was studied in detail.
Table 4.8: Interation energies alulated at the MP2 level and equilibrium
distanes between the H2 moleule and the Zn4O(HCO2)6 onnetor. The
distanes are given between the moleular enter of H2 and the entral O
atom (on the α site) and the losest Zn atom (on the β site).
Orientation Ads. Site ∆EBSSEint [kJ mol
−1℄ d [Å℄
Perpendiular 1 α 5.09 3.7
β 3.09 3.1
Perpendiular 2 α 2.55 4.2
β 1.27 4.0
A muh weaker interation of only 1.3 kJ mol−1 was found for the parallel
orientation of H2 to the entral Zn−O bond (model VII). The equilibrium
distane of 4.0 Å from the Zn atom is more than 1 Å longer than for the
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Table 4.9: Interation energies alulated at the MP2/6-311G(2d,p) level
and equilibrium distanes between the H2 moleule and the Zn4O(HCO2)6
onnetor. The distanes are given between the moleular enter of H2 and
the entral O atom (on the α site) and the losest Zn atom (on the β site).
Both H2 perpendiular orientations are shown.
Orientation Ads. Site ∆Eint [kJ mol
−1℄ d [Å℄
Perpendiular 1 α 3.53 3.1
β 10.26 3.3
Perpendiular 2 α 3.53 3.1
β 10.28 3.3
perpendiular orientation. These ndings are lose to the results of Klontzas
et al.,155 who reported an interation energy of 1.05 kJ mol−1 at 3.7 Å. It
is important to note that when rotating H2 at its minimum in omplex VI
by 90◦ omplex VII is obtained, with a repulsive H2-host interation at that
H2 position. This does not allow a stable onguration of the omplex for
rotating H2. Comparing the benhmark alulations with those for the mod-
els VI and VII, the results show that the larger lusters interat less. For
model VI (3.1 kJ mol−1) ompared to BII (3.6 kJ mol−1), where the inter-
ation is mainly London dispersion, the differene is small and the binding
energy is redued by only 0.5 kJ mol−1. However, omparing model VII
(1.27 kJ mol−1) with its smaller analogue BI (2.52 kJ mol−1), the intera-
tion is redued to 50%. The distanes between the moleular enters stay
unhanged for both models and orresponding orientations. The differene in
the interation energy, when going from the model BI to VII, is attributed
to eletrostatis. Obviously, the eletrostati interation is signiantly lower
than in the smaller luster. This is onrmed by HF alulations [see Fig-
ure 4.18 ()℄, whih show no guest-host attration.
Employing the Mulliken and Natural Bond Orbital (NBO) harges the
dipole moment indued on H2 was estimated, using the point harge ap-
proximation. Two ases were onsidered, where the hydrogen moleule is
physisorbed at the lusters BI and VII. The results were ompared with
the dipole moment of a strongly polarized H2 moleule between two point
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harges of opposite signs, q+ · · ·H2 · · · q−. The point harges were plaed on
opposite sites of the hydrogen axis at distanes of 3.5 Å from the H2 mole-
ular enter. For the q+ · · ·H2 · · · q− model the indued dipole moment at H2
is 1.56 Debye using Mulliken harges. This value drops down to 0.20 (0.12 in
the NBO model) Debye for the BI model and almost vanishes (0.04 (0.02)
Debye) for the larger adsorption model VII. It an be onluded that in the
onnetor there are no spei polarizing enters. This is also in agreement
with the results of Bordiga et al.151 and Civalleri et al.129
Finally, the onsideration is foused on the α adsorption site, where H2
is enlosed in a sort of a poket of three surrounding Zn atoms and ar-
boxyl groups [see Figure 4.16 IV and V℄. At this site there are more atoms
interating with the hydrogen moleule. This inreases the ontribution of
the dispersive fores to the total binding energy. In model IV, H2 ts very
well into the poket, with various interatomi distanes of 3.0−3.7 Å be-
tween the H atoms and their surrounding heavier atoms. Consequently the
strongest interation energy is found for this site: 5.1 kJ mol−1. This result
is muh smaller than that of Sagara et al.,150 who reported 9.15 kJ mol−1
(without BSSE) and 6.86 kJ mol−1 (at the 'basis set limit'). On the other
hand, the experimental estimation of Bordiga et al.151 (3.5 kJ mol−1) is by
1.5 kJ mol−1 smaller than the results presented in this work. Similar results
(3.1 kJ mol−1) are reported in the work of Klontzas et al.155 The intera-
tion energy is lowered signiantly for this binding site if the orientation of
H2 is hanged (model V). Now only one H atom has many lose ontats
to the host struture. For this site (model V) the energy is estimated as
2.5 kJ mol−1 at the equilibrium distane of 4.2 Å between the enter of H2
and the entral O atom. This result is again larger by around 1 kJ mol−1
than that of Klontzas et al.155 Comparing the distanes between the enter
of H2 and the 'interation atom' for models at the α and β site, larger values
for the α site are found. This an be explained again by the geometry of the
onnetor, whih permits that many neighboring atoms attrat the H2 guest
moleule.
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4.4 Summary
The investigations of over 30 strutures of so-alled isoretiular metal-
organi frameworks showed that MOFs are energetially stable systems. The
strutures studied in this work were built from the tetrahedral moieties
(OZn4)
6+ (onnetor) linked by wide range of different organi moleules
(linkers). Moreover, the struture of Cu-BTC, with a pseudootahedral o-
ordination of eah metal atom in the onnetor, was investigated as well.
All energies of formation are negative and strongly dependent on the size
and shape of the linker. It was found that the organi linkers in the stud-
ied Zn-based MOFs may rotate freely and this rotation an be thermally
ativated (energy barrier of rotation). This was observed in the NVT ensem-
ble MD simulations already at 300K. MOF latties have small bulk moduli
and are easily ompressible. However, stier hypothetial linkers, based on
arbon ages, have been proposed. Changing the topology of the MOF on-
netor, like in the Cu-BTC rystal, may result in formation of a material
with better mehanial properties.
The studied metal-organi frameworks have a harge distribution whih is
unhanged ompared to the building bloks. The only differene is found for
atomi harges of the linking oxygen atoms, as they are hanged, going from
the free linker to the MOF. The eletroni properties of these materials reveal
a wide range of band gaps (1.05.5 eV). Thus, all systems studied here an
be lassied as semiondutors or insulators. The bands near the Fermi level
are dominated by C sp2 states of the organi linkers. The partial densities
of states of the arbon and the zin atoms are kept almost unhanged when
going from the building bloks to the extended MOF rystals. The eletroni
properties are the same for both, building units and MOF rystals. The
knowledge of this fat gives an opportunity to reate proper materials for
hydrogen storage, optial appliations, et. Longer linkers result in smaller
band gaps but, unfortunately, suh systems loose their stiness.
The results from the guest-host interation show that the physisorption
of H2 in MOFs is mainly due to weak London interation between linkers and
onnetors with the hydrogen moleule. The small harge separation in the
MOF annot indue a signiant dipole moment in H2 and thus, the eletro-
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stati interation plays a minor role. The results of the present work point
out that a orret treatment of orrelation eets and appliation of BSSE
orretions are essential for the orret estimation of H2-MOF interation
energies. The H2-MOF interation an not be treated orretly with present
rst-priniple DFT funtionals. HF an be used to estimate the indued ele-
trostati eets for well-separated H2-MOF systems. Also for short distanes
HF orretly estimates the Pauli repulsion between both moieties. The MP2
method inludes all neessary interations between the guest and the host,
and the differene between MP2 and HF results an be attributed to Lon-
don dispersion. It is essential to have large basis sets at H2 and the nearest
interating atoms, while moderate bases and pseudo potentials are suient
elsewhere. The interations, moreover, need to be orreted for BSSE. It is
important to note that adsorption properties an only be alulated on the
basis of reasonably large luster models.
For the studied onnetor and linker models of IRMOF-1 similar intera-
tion energies with the hydrogen moleule were found. The presented results
qualitatively agree with the experiment:144,145 the strongest interation is
found for site α, with the sequene α > β > δ ≫ ε. The most favorable
orientation of hydrogen is the orientation perpendiular to the benzene ring
or to the entral Zn−O bond for the linker and the onnetor, respetively.
However, H2 an rotate nearly freely and therefore appears as physisorbed
sphere rather than linear moleule. Thus, the mean interation energy annot
be ompared only with the most stable orientation of the hydrogen moleule,
but has to be averaged over all orientations.
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The main goal of this work is to searh for new stable porous arbon-
based materials, whih have the ability to aommodate and store hydrogen
gas. Theoretial and experimental studies suggest a lose relation between
the nano-sale struture of the material and its storage apaity. In order to
design materials with a high storage apaity, a ompromise between the size
and the shape of the nanopores must be onsidered.12,24 Therefore, a number
of different arbon-based materials has been investigated: arbon foams, dis-
loated graphite, graphite interalated by C60 moleules, and metal-organi
frameworks. The strutures of interest inlude experimentally well-known as
well as hypothetial systems. The studies were foused on the determination
of important properties and speial features, whih may result in high storage
apaities.
Many hypothetial strutures an be proposed, but some of them are
either not stable or have a rather amorphous harater. Novel storage ma-
terial should be light-weight with large surfae areas and a strong surfae
polarization. They should also have well-dened and ontrollable pore sizes.
Energeti and mehanial stability is of great importane as well. Therefore,
arbon-based nanoporous materials are a reasonable hoie.
The detailed results of this work were summarized in Setions 3.3 and
4.4 for arbon strutures and metal-organi frameworks, respetively. In
this hapter, the main onlusions on the appliability of the investigated
strutures in gas storage will be summarized.
In the rst part of this work, graphite-based arbon materials have been
disussed. In order to reate systems for pratial storage appliations the
graphite interlayer distane needs to be inreased. In ase of arbon foams
this is ahieved by a funtionalization of the graphene layers. Their one-
dimentional system of hannels form highly porous strutures omposed of
graphiti strips interonneted with one another by sp3 hybridized arbon
atoms. This results in rystal-like strutures with low mass densities. The
pore size of the foams is ontrolled by the length of the strips between two
juntions. They are very stable ompared to the most stable arbon al-
lotropes (graphite and diamond). Interalation of the foams by arbon nano-
tubes improves their mehanial properties. Although the mass densities
slightly inrease, the interalants may oer additional sites for gas sorption.
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When the radius of a arbon foam avity is inreased (>9 Å) the potential
in the middle of the pore beomes weaker.24 However, arbon foams with
optimal size and well dened pores (∼6−8 Å) are good storage materials.
At the same time they an reah the gravimetri and volumetri apaities
proposed by the DOE.13 This makes them more reliable storage materials
than arbon nanotubes. On the other hand, rst omputations based on the
quantum liquid DFTB method show that smaller pores allow H2 physisorp-
tion only on one of the walls in the avity.171 Therefore, due to the large
H2−H2 repulsion the opposite wall would be a forbidden region. This ould
be a fator onvining that the larger pores, rather than small ones, are of
greater interest. Larger avities allow for the adsorption of a seond H2 layer.
Future work ould fous on the arbon foam strutures derived from
ABAB-staked graphite (like defeted graphite) and/or systems with non-
hexagonal hannels.
In the seond part of this work, a large number of metal-organi frame-
works were studied. These materials have a three-dimentional interonneted
system of pores and the metal sites may be ruial for better gas adsorption
as well. MOFs have an easily ontrollable pore size distribution, they have
the lowest known mass densities for rystalline materials. The results of this
study show that they are very stable as well.
The investigations show that the H2-MOFs interations are mainly due
to London dispersion and the eletrostati ontribution is negligible. The
strength of these interations is similar on the metal and the organi sites.
However, in the extended MOF rystals the always attrative long-range
interation potentials of the nanopores will overlap and superpose to on-
siderable strength, hene a stronger interation with H2 is expeted. The
nanoporosity of MOFs an be tuned in order to maximize the interation
with H2. The highest storage apaity is expeted for those MOFs where the
pore size is similar to that of arbon slit-pore materials (∼ 0.6 nm).12 These
expetations orrelate with the reent work of Frost et al.,172 who found that
storage apaities in MOFs are proportional to the adsorption energies for
low loadings of H2, while for high loadings the surfae area plays a major
role.
The results from this work will be used to parameterize the H2-MOF
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interation potential whih will allow the estimation of the free interation
energy and the amount of hydrogen uptake using quantum liquid density
funtional theory.31 Future work on metal-organi frameworks ould over
the investigations of the H2 interation with MOFs, whih onsist of dif-
ferent metal atoms. The systemati theoretial investigations may provide
general and spei lues to enhane for example the sorption properties of
MOFs and may play a helpful role in the design of new interesting MOF-like
systems.
Although the variety of possible pure arbon strutures and metal-organi
frameworks is almost innite, the materials desribed in this work possess
the main strutural harateristis, whih are important for gas storage.
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